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 ABSTRACT 
 
 
This thesis investigates nutrient contribution to six hyper-eutrophic lakes located 
within close proximity of each other on the Swan Coastal Plain and 
20 kilometres south of the Perth Central Business District, Western Australia.  
The lakes are located within a mixed land use setting and are under the 
management of a number of state and local government departments and 
organisations.  These are a number of other lakes on the Swan Coastal Plain for 
which the majority are less than 3 metres in depth and considered as an 
expression of the groundwater as their base is below the regional groundwater 
table throughout most of the year.  The limited amount of water quality data 
available for these six lakes and the surface water and groundwater flowing into 
them has restricted a thorough understanding of the processes influencing the 
water quality of the lakes.  Various private and public companies and 
organisations have undertaken studies on some of the individual wetlands and 
there is a wide difference in scientific opinion as to the major source of the 
nutrients to those wetlands.  These previous studies failed to consider regional 
surface water and groundwater effects on the nutrient fluxes and they 
predominantly only investigated single wetland systems.    This study attempts 
for the first time to investigate the regional contribution of nutrients to this 
system of wetlands existing on the Swan Coastal plain.  As such, it also includes 
new research on the nutrient contribution to some of the remaining wetlands.  
The research findings indicate that the lake sediments represent a considerable 
store of nutrients (nitrogen and phosphorus).  These sediments in turn control the 
nutrient status of the lake's water column.  Surface water is found to contribute 
on an event-basis load of nutrients to the lakes whilst the groundwater 
surprisingly appears to contribute a comparatively low input of nutrients but 
governs the water depth.  Analysis of the regional groundwater shows efficient 
denitrifying abilities as a result of denitrifying bacteria and the transport is 
localised.  Management recommendations for the remediation of the social and 
environmental value of the lakes include treatment of the lake’s sediments via 
chemical bonding or atmospheric oxidation; utilising the regional groundwater’s 
denitrifying abilities to ‘treat’ the surface water via infiltration basins; and 
investigating the merits of managed or artificial aquifer recharge (MAR). 
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1. INTRODUCTION 
 
1.1. Contamination, eutrophication and degradation 
Profound changes in Australian and New Zealand aquatic ecosystems have 
occurred, particularly in the 200 years since European settlement of these 
countries (ANZECC 1992).  The effects of human activities include; pollution 
discharges from industrial, urban, agricultural and mining sources and activities; 
sedimentation from land clearance, forestry and road building; leaching of 
nitrogen and phosphorus from cleared land; and, eutrophication (nutrient 
enrichment that may stimulate the growth and dominance of toxic cyanobacteria 
in freshwaters). 
 
Nitrogen, which makes up about 78% of the atmosphere, and phosphorus which 
makes up about 0.1% of the earth’s crust, are nutrients essential to life on earth 
including ecosystem biota (life-forms) at certain concentrations (ANZECC 
2000).  High concentrations of nutrients, particularly phosphorus and nitrogen 
can result in; excessive growth of aquatic plants such as phytoplankton (free 
floating algae); cyanobacteria (‘blue-green algae’); macrophytes (plants that have 
distinct roots and shoots), in a range of fresh water ecosystems (MDBC (1994), 
McDougall (1991), McComb (1993), AEC (1987), Johnstone (1994), Jones 
(1992)).  The effects of the excessive growth can include; displacement of 
endemic species; diminish light availability to other species; create odours and 
unsightly appearances that can lead to loss of recreational amenity; and release 
toxins into the water. 
 
Degradation of the water quality within a water body can be as a result of 
naturally occurring physical and chemical stressors, including nutrients, 
biodegradable organic matter, dissolved oxygen, turbidity, suspended particulate 
matter (SPM), ammonia, heavy metals, biocides and other toxic organic 
compounds (ANZECC 2000).  While there are no aquatic ecosystems in 
Australia and New Zealand that are entirely without some human influence, there 
are still some systems that retain their integrity of high conservation / ecological 
value systems (ANZECC 2000). 
 
 
1.2. Nutrients 
 
Generally, the highest yields of nutrients are from urban areas, with successively 
lower yields from agricultural and forested catchments (Campbell 1989).  Gulati 
(2002) stated that the external input of phosphorus and nitrogen and of polluted 
waters from rivers and canals have been the major cause of eutrophication in the 
lakes in the Netherlands, which began during the 1950s. 
 
Non-point pollution predominantly occurs during rainfall events as a result of 
surface water flow.  The status of the land cover, the soil moisture and pollutants 
available prior to the storm event are the major determinants of the mass of 
pollutants that reach the river.  It is therefore important to evaluate the non-point 
loading that occurs in between single storm events.  The accumulation of 
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pollutants on land reaches a threshold after about 8 to 12 days of no rainfall.  The 
groundwater will still play an important role in non-point pollution although this 
will not have an immediate effect, as does the surface water flow.  
 
The total mass of nutrients within a lake should not be based simply on the 
concentration in the water column, as there is likely to be significant stores in the 
sediments and associated with suspended particulate matter (Townley et al 
1993).  Atmospheric deposition can also contribute to the nutrient stores. 
 
 
1.3. Wetlands and Lakes 
 
Groundwater comprises an important proportion of the water on Earth, as 
indicated in Table 1.3-1.  In Australia, approximately 70% of the developed 
water is used for irrigation, 21% for urban or industrial purposes and 9% for 
rural water supply.  A study undertaken in 1996 indicated that at that time, there 
were 698 wetlands of national importance in Australia of which, 45 were Ramsar 
listed wetlands (DEST 1996).  (Note:  The 'Ramsar Convention', the Convention 
on Wetlands of International Importance Especially as Waterfowl Habitat, 
Ramsar, Iran, 1971) 
 
Table 1.3-1  World Water Balance (Freeze 1979) 
Component Volume Volume Average Residence Time  
 (km3 x 106) (%)  
    
Oceans 1370 94 ~ 4,000 years 
Groundwater  60 4 2 weeks - 10,000 years 
Icecaps and glaciers 30 2 10 – 10,000 years 
Lakes and dams 0.13 <0.01 ~ 10 years 
Soil Moisture 0.07 <0.01 2 weeks - 1 year 
Atmosphere 0.01 <0.01 ~ 10 days 
Wetlands <0.01 <0.01 1 - 10 years 
Rivers <0.01 <0.01 2 weeks 
Biosphere <0.01 <0.01 ~ 1 week 
 
The Ramsar Convention adopted the definition of a wetland as 'areas of marsh, 
fen, peatland or water, whether natural or artificial, permanent or temporary, 
with water that is static or flowing, fresh, brackish, or salt including areas of 
marine water, the depth of which at low tide does not exceed 6 metres'.   
 
Given this definition is broad, a more specific definition of a wetland is 'a 
shallow body of standing water that may be permanent, temporary or 
intermittent and there are usually specialised fringing and emergent plants’.  
The major difference between lakes and wetlands, from a scientific perspective, 
is depth.  Wetlands are shallow water bodies, often with light penetration to the 
bed, while lakes are far deeper, resulting in the presence of both euphotic (depth 
in the water body at which photosynthesis fails to occur due to reduced light 
penetration) and profundal zones (ANZECC 2000). 
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1.4. Aims, significance and outcomes of this research 
There are six wetlands that are located approximately 20km south of the Perth 
(Australia) central business district (CBD) that have elevated levels of nutrients.  
The wetlands are Thomsons Lake, Kogolup Lake (North and South), Yangebup 
Lake, Bibra Lake and North Lake and are collectively known as the Beeliar 
Lakes as they are located within the Beeliar Reserve, as presented in 
Figure 1.4-1.  Due to the close proximity of the lakes to the CBD, there are 
various social, environmental and economic pressures on the lakes and the land 
in the catchment including; 
• further urban development in what was historically a rural catchment to 
assist in meeting the demands of the expansion of the Perth metropolitan 
area.  Urban development also brings with it the social attractions of 
development that are likely to be located close to the lakes for visual 
reasons (e.g., properties with 'water' views) and public open spaces 
including parks and gardens for recreation and leisure pursuits. ; 
• The various state and local government departments are responsible for 
the management of certain aspects of the Lakes as well as various 
community groups that have a sense of ownership of the lakes.   
• The need for the environmental values of the lakes to not be 
compromised including the Ramsar declaration on Thomsons Lake and 
the nutrient impacts that urban and rural development can have on the 
lakes. 
 
Due to the complexity and criticality of the lakes, it is therefore important that 
there is an appropriate level of understanding of the nutrient contributions to the 
wetlands, either natural or man-made, from a regional perspective.  This includes 
an assessment of; the point and non-point sources of analytes (e.g., nitrogen and 
phosphorus) in surface water and groundwater on a developed catchment; the 
impact that nutrient loadings from the lake’s sediments may have on the quality 
of the lake’s water column including the conditions under which these nutrients 
could be released back into the lake’s water column; and, the fact that these 
particular lakes are a function of the regional groundwater table and have no 
'clear lake bed' but they still have the attributes of a lake  (e.g., evaporation, 
ecosystems, nutrient cycling).  Whilst it is recognised that this is a complex type 
of environment and could possibly be considered to be rare, it is unlikely that it 
is unique. 
 
Various private and public companies and organisations have undertaken studies 
on individual wetlands and there is a wide difference in scientific opinion as to 
the major source of the nutrients to the wetlands.  These previous studies failed 
to consider regional effects and they predominantly only investigated single 
wetland systems.  In addition to this, some of the lakes contained in the study 
area have not had any research on them in terms of their sources of nutrients.   
Therefore, this study attempts, for the first time, to investigate regional 
contribution of nutrients to the system of wetlands existing on the Swan Coastal 
plain.  The results of this investigation also have international significance in 
that, worldwide there exists a limited number of studies that focus on regional 
perspective's on nutrient contribution in integrated coastal wetland systems.  This 
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study also has particular local relevance as the region is in the most densely 
populated areas in Western Australia and an important water resource for Perth 
integrated wetland systems will provide valuable information for improved 
understanding and management. 
 
There are a number of specific aims of this research including; 
1. In a data limited environment, developing a understanding that can assist 
the various organisations involved in the management of the wetlands.  
This will take a regional integrated approach to the wetlands;   
2. An investigation that supports the environmental management of the 
water quality in the wetlands and in a data limited situation; 
3. Determine the nutrient contribution to the major wetlands; 
4. Compile for the first time, a comprehensive data set of the surface water, 
groundwater and wetland water quality parameters.   
 
The research will provide a significant contribution to understanding what the 
drivers and catalysts are of the elevated levels of nutrients in the wetlands so that 
appropriate measures can be put into place to address this issue.  It is likely that 
the techniques and tools used as part of this investigation will assist in the 
assessment of other nutrient enriched wetlands and lakes. 
 
In addition to the information presented above, the outcomes of the research will 
assist in the understanding of a number of key questions including; 
 
(a) What is the hydrological link between the lakes, the surface water and the 
groundwater flows? 
(b) Are all the lakes influenced by the same inflows? 
(c) Do the groundwater flows vary intra and inter annually? 
(d) How has the quality of the surface water and groundwater influenced the 
quality in the lakes?  
(e) How has the water quality of the surface water and groundwater varied over 
time? 
(f) What are the driving forces behind the quality of the groundwater? 
(g) How can this information be used in lake and catchment management? 
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Figure 1.4-1    Beeliar Lakes locality 
 
1.5. Chapter Summaries 
Chapter 2 provides details of the site description of the Beeliar Lakes including 
hydrological data as well as a description of the various organisations that are 
involved in the management of the lakes and their catchment. 
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Chapter 3 is a literature review of the role and influence of nitrogen and 
phosphorus in urban and rural catchments.  It also provides details of the 
vulnerability of contamination in the catchment, a comprehensive literature 
review of previous studies in the region, information regarding the criteria on 
how lakes and wetlands can be classified, and Australian guidelines for elements 
found in the wetlands. 
 
Chapter 4 presents the materials and methods that have been utilised as part of 
the thesis and a critique on selected computer models and their limitations and 
why they could not be used in this study to simulate the Beeliar Lakes. 
 
Chapter 5 presents the results of the analysis undertaken on the quality of the 
wetland's water column and sediments as well as the surface water and the 
groundwater flowing into or through the wetlands.    
 
Chapter 6 provides a discussion of the spatial and temporal details of the water 
quality data for the groundwater, surface water runoff and the Lakes themselves. 
 
Chapter 7 presents the research recommendations for the wetlands as well as 
opportunities for further research. 
 
The appendix contains references and an electronic data set compiled as part of 
the research. 
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SITE DESCRIPTION
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2. SITE DESCRIPTION 
2.1. The Beeliar Lakes setting and climate 
 
The Perth Basin is a deep linear trough of sedimentary deposits (e.g., sand, silt, 
clay and limestone) that is approximately 1000km in length and up to 15kms in 
depth.  It extends about 600km north of Perth (to Kalbarri) and south to Augusta 
and is bounded by the Darling Scarp to the east and extends offshore to the west 
(Geological Survey of Western Australia 1990).  In the Perth Region, the Swan 
Coastal Plain, which is part of the Perth Basin, is up to 34km in width and covers 
the majority of the Perth metropolitan area (Davidson 1995).  Shallow lakes 
occur on the Swan Coastal Plain where the regional groundwater intersects the 
undulating land surface.  The wetlands on the Swan Coastal Plain are relatively 
unique in a world context because of their shallow nature.  A study of 150 
Northern Hemisphere lakes reported minimum, average and maximum depths of 
1.7, 14.3 and 313 metres respectively (OECD 1982), whereas most Swan Coastal 
Plain lakes are less than 3 metres in depth (Townley et al 1993).  
 
The climate for the Perth Region of the Swan Coastal Plain is typically 
Mediterranean with hot, dry summers and mild wet winters.  Approximately 
90% of the rain falls between April and October and the remaining months are 
characteristically hot and dry resulting in large evaporation losses from wetlands 
(Davidson 1995).  Rainfall records for Perth has existed since 1876 and indicate 
a long-term annual average rainfall of about 870mm (Figure 2.1-1) whilst pan 
evaporation is approximately 1800mm.  There has been an approximate 
reduction in Perth's annual rainfall to 790mm since 1976.  
 
Figure 2.1-1 Perth Annual Rainfall (1876 – 2001) 
 
2.1.1. Location 
 
The Beeliar Lakes are located in the Beeliar Regional Park on the Swan Coastal 
Plain, approximately 20kms south of the Perth central business district.  There 
are a chain of lakes of which six will be studied, namely; Bibra, North, South, 
Yangebup, Kogolup (North and South) and Thomsons (Figure 1.4-1).  The 
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Indian Ocean is located approximately 7km west of the lakes.  The Beeliar Lakes 
are classified as freshwater.  (Note:  Freshwaters are generally considered to 
have an Electrical Conductivity (EC - total ion concentration) of less than 1000 
uS/cm.  Salinity is used to measure the total ion (salt) concentration, mainly Na+ 
and Cl-, but also Ca2+, Mg2+, K+, CO3 2- and SO4 2-.) 
 
 
2.1.2. Regional Hydrogeological Setting 
 
The (estimated maxima) regional groundwater levels in the area of the Beeliar 
Lakes are indicated in Figure 2.1-2 (Water and Rivers Commission 1997).  There 
is a reference to the Jandakot Mound on this figure.  The Beeliar Lakes are 
located on the western side of the Jandakot Mound, a term used to refer to one of 
the two major unconfined groundwater aquifers in the Perth metropolitan area.  
The Mound is a groundwater system that drains radially towards the low-lying 
coast (the Indian Ocean) to the west and south, the Swan/Canning River to the 
north, the Southern River to the east.  Due to the slow radial movement of the 
groundwater flow, the groundwater system gives the appearance of a large 
mound.  The Water Corporation abstracts groundwater from these mounds to 
provide water for the Perth Metropolitan Water Supply System. 
 
Groundwater is flowing to the west under low hydraulic gradients.  As the 
groundwater passes through the wetlands and lakes in the area, evaporation and 
transpiration ‘consumes’ most of the groundwater (about 80% of the average 
annual rainfall onto the Jandakot Mound (Davidson 1984)) and some discharges 
to the coast (Rockwater 1994).  Public and private groundwater abstraction 
accounts for 14%.  Sharma (1991) concluded that between 35% and 50% of the 
water extracted for irrigation on horticultural crop returns to the aquifer.  The rest 
is lost to transpiration and evaporation.  Davidson (1984) estimated the net 
recharge over the mound to be about 14% of annual rainfall. 
 
2.1.3. Beeliar Lakes Hydrogeological Setting 
 
The superficial formations in the area of the Jandakot Mound consist of 0-5m of 
fine to coarse-grained Bassendean Sand, overlying up to 18m of fine to very 
coarse sand of the Guildford Formation (pale grey / blue / brown silty and 
slightly sandy clay).  The hydraulic conductivity of the superficial aquifer is 
between 30 - 100 m/d.  The Bassendean Sand contains a discontinuous layer of 
ferruginised sand (coffee rock) which impedes infiltration to the water table.  
Beneath the Guildford Formation is up to 44m of the Ascot Formation 
(calcareous and fossiliferous fine sand to gravel with minor clay, limestone, 
calcerenite and calcareous silt).  The Osbourne Formation, consisting mainly of 
fine grained sediments forms a base to the superficial formation aquifer 
(Rockwater 1994). 
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Figure 2.1-2 Maximum groundwater levels (Water and Rivers Commission 1997) 
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Lake Formation 
 
Figure 2.1-3 presents a generalised surface geology for the Beeliar Lakes area 
and surrounds.  This figure indicates that the Lakes are formed where the 
Bassendean Sand meets the Tamala Limestone. 
 
 
Figure 2.1-3  Generalised geology in the Beeliar Lakes area (Davidson 1995) 
 
Bassendean Sand is a pale grey / white fine to coarse-grained sands although it is 
predominantly medium grained.  It consists of moderately sorted, subrounded to 
rounded quartz sand (Davidson 1995).  Poinke (1990) described groundwaters 
within Bassendean Sand aquifers as having low nitrate, high organic carbon 
concentrations and low redox potential (range from 100 to 300 mV, (Dames & 
Moore 1996).  Bassendean sands have extremely poor bacterial adsorption 
properties due to a lack of a clay fraction (Parker 1983) 
 
The Tamala limestone is creamy white / yellow and contains various proportions 
of quartz sand, fine to medium grained shell fragments and minor clay lenses.  
The quartz sand varies from fine to coarse grained, but is predominantly medium 
grained, moderately sorted, subangular to rounded.  The limestone contains 
numerous solution channels and cavities (Davidson 1995).  The Bassendean 
Sand and Tamala Limestone are part of what is collectively known as the 
superficial formation. 
 
All of the wetlands are approximately circular in shape and are relatively 
flat-bottomed and steep sided (Water Authority, 1991). 
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Land uses (2001) 
 
Table 2.1-1 and Figure 2.2-1 provides details of the land use in the Beeliar Lakes 
(groundwater and surface water) catchment area.  It is clear that the predominant 
land use in the catchment is classified as Rural although, for particular lakes, 
residential development comprises a relatively significant proportion of the 
catchment. 
 
Table 2.1-1 Current (2001) land use 
Sub 
catchment 
POS * Rural Comm 
/ Ind 
Res Roads Lakes PP ** Total 
Area
 (ha) (ha) (ha) (ha) (ha) (ha) (ha) (ha) 
2.8 27.3 1.9 24.0 21.4 19.6 3.0 100.0
Bibra 3% 27% 2% 24% 21% 20% 3%  
9.6 63.4 38.2 58.8 80.8 22.3 26.9 300.0
Yangebup 3% 21% 13% 20% 27% 7% 9%  
1.4 122.1 4.3 31.4 14.3 25.1 1.5 200.0
Kogolup 1% 61% 2% 16% 7% 13% 1%  
13.9 456.9 7.9 41.7 72.5 42.8 46.8 682.5
Thomsons 2% 67% 1% 6% 11% 6% 7%  
* POS – Public Open Space 
** PP – Public Purpose 
 
2.2. Organisations involved in Lake Management 
2.2.1. State Government Departments 
 
During the compilation of this document, the Water and Rivers Commission 
(WRC) and the Department of Environmental Protection (DEP) merged to form 
the Department of Environment (DoE).  The powers and functions associated 
with both of these departments have not changed.  The former Water and Rivers 
Commission was established under the Water and Rivers Commission Act 1995 
and was responsible for the management of the State's water resources.  This 
includes all groundwater, surface water, and the catchments and ecosystems 
(e.g., wetlands) associated with the water resource.  The WRC recently (since 
1997) developed water source protection plans for both surface water and 
groundwater as well as land use compatibility tables in order to assist in the 
management of public drinking water sources.  Some of the Beeliar Lakes 
catchment is located within a public drinking water supply area which is why the 
WRC has an interest in the area.  They are working with the local and state 
government land planning agencies to have the source protection documents 
ratified in town planning schemes as it is considered that land development 
controls provide the best long term solution to water source protection.  The 
groundwater as well as land use compatibility tables in order to assist in the 
management of public drinking water sources.  The WRC was created as the 
result of the division of the (former) Water Authority that previously was the 
 21
State's water resource regulator and water utility.  The WRC now assume the 
role of the water resource regulator. 
 
 
Figure 2.2-1 Land Use (2001) 
 
The former Department of Environmental Protection (DEP) had broad powers 
under the Environmental Protection Act 1986 to control groundwater pollution, 
amongst other things across Western Australia.  The DEP advised the State 
Government on environmental issues such as environmental impact statements 
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and are responsible for establishing environmental protection policies to 
safeguard wetlands such as those on the Swan Coastal Plain.   
 
The Department of Conservation and Land Management (CALM) is responsible 
for the management of national parks, regional parks, nature reserves, marine 
parks, marine parks, marine nature reserves, State forests and timber reserves.  In 
1990, the Lakes were designated as part of the Beeliar Regional Park and as such 
CALM are involved in the management of the Lakes. 
 
2.2.2. State Corporations 
 
The Water Corporation was established under the Water Corporation Act 1996 
as the result of the division of the Water Authority and is the main water utility 
in Western Australia.  Some of the Corporation's functions are the provision of 
drainage and water supply services.  Within the Beeliar Lakes area, the 
Corporation is responsible for the maintenance and operation of the main 
drainage system into which the local government drainage systems discharge.  
Some of the lakes form part of the drainage system, as detention basins, which 
implicates the Corporation in management issues. 
 
2.2.3. Local Government Agencies 
 
Within the Perth Metropolitan Scheme there are two local government agencies 
(City of Cockburn and the City of Melville) that have a portion of the Beeliar 
Lakes or their catchment within their government boundaries.  Specifically, the 
City of Cockburn has the actual lakes and the majority of the surface and 
groundwater catchment area in its boundaries whilst the latter has a small portion 
of the catchment area. 
 
2.2.4. Management Issues 
 
Due to the complex nature of having these various organisations involved in the 
'management' of the Beeliar Lakes and their catchments, there is a distinct reality 
that whilst there is likely to be a clear overall objective associated with the lakes, 
the priorities may be different.  It is for this reason that there needs to be clarity 
of the causes of lake degradation, and possible solutions connected with the 
appropriate agency or organisation.  
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3. LITERATURE REVIEW 
3.1. Eutrophication 
As stated earlier, high concentrations of phosphorus and nitrogen can result in 
excessive growth of aquatic plants in water bodies.  The sources of nitrogen 
and phosphorus may be from the catchment's surface water or groundwater as 
well as loads from fauna and rainfall.  The excessive growth caused by the 
eutrophication has a number of effects including those that are aesthetic 
(e.g., visual, odours) and those that are biological (e.g., species dominance, 
light availability).  An understanding of the characteristics associated with 
nitrogen and phosphorus is therefore required in order to assist in the 
management of the water body.   
 
 
3.2. Nutrients - Nitrogen 
3.2.1. Role and Function 
 
Nitrogen is present in most natural waters in varying amounts and several 
different forms including; dissolved gas (N2); organic compounds (amino 
acids, proteins); non-organic forms (ammonia (NH3), nitrite (NO2-), and nitrate 
(NO3)).  Reduced forms of nitrogen, such as ammonium (NH4+) and nitrite are 
invariably found in much smaller concentrations, as is organic nitrogen.  Inputs 
of nitrogen to the soil may occur from either natural (through atmospheric 
deposition) or agricultural processes.  Agricultural land is considered to be a 
major contributor of sediment and attached nutrients (Office of Air and Water 
1973).  Even though the average nutrient concentrations for land are low to 
moderate, the area of the agricultural land results in the mass of nutrients to be 
high.  The behavior, transport and soil reactions of nitrogen (and its different 
forms) in the soil profile of a catchment includes; 
Plant uptake of nitrate and ammonium 
• accounts for the removal of more nutrients from the soil system than 
any other process and only occurs in the nitrate form since nitrite is 
toxic to plants (Black 1968).  Viets (1965) showed that nitrogen uptake 
occurs mostly during periods of rapid growth and not when there is a 
full crop canopy. 
Return of plant nitrogen to organic nitrogen 
• involves uptake of ammonium and nitrate by the plant and ‘return’ of 
plant nitrogen to organic nitrogen in the soil.  Above ground plant 
returns to the litter compartment, and litter plant nitrogen returns to the 
particulate organic nitrogen compartments in the surface and upper soil 
layers. 
Denitrification or reduction of nitrate-nitrite 
• Nitrogen in the form of fertiliser and animal wastes is usually 
introduced as ammonia.  The ammonia dissolves according to the 
following equilibrium equation to produce ammonium and hydroxide 
(OH-) ions. 
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NH3 + H2O → NH4+ + OH- 
 
In the unsaturated zone, both the ammonia and ammonium are absorbed 
by clay particles. At a pH of less than 7, ammonia may be oxidised to 
nitrite by the biological action of the bacteria ‘nitrosomonas’.  This 
nitrification process is dependent on the presence of oxygen, 
appropriate conditions of temperature and pH, and an adequate level of 
nitrifying organisms in the soil and water.  Nitrite is unstable and 
readily reduced to ammonium or oxidised to nitrate. Nitrate is the stable 
end product of the nitrification process.  Nitrate and nitrite anions are 
not absorbed by the clay particles, as the negative charge of the clay is 
the same as these anions.  Nitrate may undergo biological 
denitrification under anaerobic conditions in the presence of organic 
material or within the root zone, nitrates may be utilised directly by 
plants as a source of nitrogen (GRC - Dames and Moore 1990).   
Figure 3.2-1 describes the nitrification – denitrification process. 
 
As the result of the nitrification process in the unsaturated zone and 
adsorption of ammonia and ammonium ions, most of the nitrogen that 
reaches the water table is in the form of nitrate.  Nitrate concentration in 
the groundwater will remain unchanged unless denitrification occurs 
through bacteria action.  A high concentration of organic matter in the 
sand matrix and pH range of between 5 and 7 are ideal conditions for 
the development of microbiological denitrifiers.  The redox potential 
must also remain below 300 mV and redox potentials in groundwater 
sampled from Bassendean Sand have been observed to range from 100 
to 300 mV (Gerritse 1988). 
 
Broadbent (1965) estimated 10 to 15 percent of the annual mineral 
nitrogen input to agricultural areas is lost by denitrification.  
Immobilisation of nitrate-nitrite and ammonium 
• occurs through the conversion of nitrate and ammonia to particulate 
labile organic nitrogen,  
Mineralisation of organic nitrogen 
• Decomposition of nitrogen, through a chemical process involving 
oxygen and micro-organisms, into ammonia.  Nitrogen mineralisation 
rates for 39 widely differing soils were determined by Stanford (1972) 
and concluded that the rates did not vary much among the different 
soils,  
Volatilisation of ammonium 
• the transport of a chemical that is dissolved in water to the atmosphere.  
The concentration of the chemical in the water decreases even though a 
transformation does not occur.  Volatilisation occurs when there are 
large concentrations of ammonia in the soil as the result of animal 
waste and / or over-application of fertilisers,  
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Adsorption/desorption of ammonium 
• Nitrogen reactions can be divided between those that are chemical in 
nature and those that are a combination of chemical and biological 
reactions.  The adsorption and desorption of ammonium is a chemical 
process that can be simulated using various methods including the 
Freundlich isotherm method (Freundlich 1922).  Freundlich (1922) 
derived adsorption isotherms (positions of equilibrium) that related the 
quantity adsorbed per unit of absorbent (sediment) to the concentration 
of the adsorbate (e.g., ammonium).  
 
Partitioning of two types of organic nitrogen between solution and 
particulate forms.  Within these two types, the nitrogen may exist as 
either labile (chemically unstable and prone to undergo change in nature) 
or refractory (reluctant to change).  Therefore, there are four forms that 
the nitrogen may exist in in each soil layer.  
 
 Particulate labile  (not dissolved and chemically unstable)   
 Solution labile  (dissolved and chemically unstable) 
 Particulate refractory  (not dissolved and reluctant to change) 
 Solution refractory  (dissolved and reluctant to change) 
 
The particulate labile species is formed by immobilisation of nitrate and 
ammonia that may be converted back to ammonia by mineralisation in 
the soil.  This species  may also undergo conversion by first-order rate to 
the particulate refractory form and is transported on the surface by 
association with sediment.  It can also desorb to the solution labile form 
and be transported with association with surface water low or interflow. 
 
The particulate refractory species can also desorb to the solution 
refractory form. 
 
3.2.2. Nitrate 
 
Nitrate is essential for growth of aquatic plants, although at high levels, it can 
be toxic.  Under strong oxidising conditions, nitrate is the stable form of 
dissolved nitrogen and is transported in groundwater with little transformation 
or retardation.  The oxygen concentration for reduction of some compounds of 
nitrate to nitrite is 4mg/L and from nitrite to ammonia is 0.4mg/L.  The rate of 
deoxygenation of the sediments depends on the supply of oxygen, the supply of 
carbon compounds and on the soil and water temperature. 
 
3.2.3. Ammonia 
 
Ammonia  is a basic industrial chemical, a soil nutrient and a common product 
of human and animal wastes.  Natural sources of ammonia are volcanic activity 
and decomposition of plant material.  It is very soluble in water, the solubility 
being around 100 000 mg/L at 200C.  The term ‘ammonia’ refers to two 
chemical species of ammonia that are in equilibrium in water: the un-ionised 
ammonia, NH3, and the ionised ammonium ion, NH4+.  The proportion of the 
two chemical forms in water varies with the physical-chemical properties of 
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the water, particularly pH and temperature.  Ammonia is a non-persistent and 
non-cumulative toxicant to aquatic life.  The toxicity of ammonia is primarily 
attributed to the un-ionised NH3.  Being a neutral molecule, un-ionised 
ammonia is able to cross epithelial membranes of aquatic organisms more 
readily than the ammonium ion (ANZECC 2000).  In general, more un-ionised 
ammonia exists at higher pH and hence overall toxicity is greater, although the 
toxicity of the un-ionised form is less at higher pH.  However, at lower pH, less 
un-ionised NH3 is needed to produce its toxic effects because the ammonium 
ion is responsible for some of the toxicity (ANZECC 2000). 
 
 
 
 
Figure 3.2-1 Nitrificiation - denitrification processes (GRC-Dames and Moore, 1990) 
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Ammonia in groundwater is derived from natural processes such as reduction 
of nitrate, which itself may be derived from anthropogenic or natural processes.  
Direct input of ammonia into groundwater occurs via application of fertilisers, 
plant residues and wastes.  Ammonia is considerably less mobile than nitrate, 
has a tendency to be absorbed onto mineral surfaces and is often nitrified 
before entering the groundwater system (Larsen 1998). 
 
3.2.4. Organic Nitrogen 
 
Townley et al (1993) indicated that in a lake or wetland, organic nitrogen is by 
far the dominant fraction of total nitrogen.  Levels of total nitrogen generally 
increase in summer due to the concentrating effect of water level decline and 
the higher productivity at this time.  Nitrate, nitrite and ammonium are 
interconvertible through the process of nitrification and denitrification.  
Ammonium is mainly derived from the mineralisation of organic nitrogen from 
heterotrophic bacteria.  This is then readily taken up by the macrophytes and 
algae or converted to nitrite and then nitrate by nitrifying bacteria under 
aerobic conditions.  In very productive lakes, ammonium is rapidly assimilated 
and little is converted to nitrate.  The ratio of nitrate and ammonium would be 
expected to decline as productivity increases.  The wetlands that have higher 
standing crops of algae, as measured by chlorophyll a, generally have lower 
ratios of nitrate and ammonium.  Nitrification, the conversion of NH4+ to NO3 
is also inhibited by high levels of coloured compounds and low pH and is also 
affected by the productivity of the system.  Denitrification increases greatly in 
anaerobic conditions.   
 
3.3. Nutrients - Phosphorus 
Phosphate differs from nitrate in that it is readily adsorbed to soil, thus 
movement of phosphate is retarded relevant to the groundwater.  It is usually 
scarce in streams and lakes and may in fact, in many cases, be the limiting 
nutrient in the eutrophication process.   
 
Phosphate can exist in either a particulate form (and may adsorb and desorb to 
sediment particles) or a solution form.  Phosphorus in the sediments occurs in 
three major forms: 
• Calcium compounds – phosphate is in the form of hydroxy calcium 
phosphate and is known as apatite;  
• Bound to iron compounds – non-apatite phosphorus is bound to hydrated 
Fe(III) oxides and hydroxides (Note: Lakes in non-limestone aquifers 
generally contain a larger proportion of non-apatite phosphorus.  The 
Beeliar Lakes are not in limestone aquifers); and, 
• Organic compounds – usually very refractive and rarely constitutes a 
source of sediment phosphorus.   
 
The relative proportion of these three fractions depends on the composition and 
oxidative state of the sediment.  
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The flux of phosphorus between the sediment and the water depends largely on 
the pH and oxidative conditions.  In turn, these are largely controlled by the 
microbial activity in the surface layers of the sediment.  These microbes obtain 
energy by oxidising organic materials and in well-oxygenated conditions, 
oxygen acts as the electron acceptor (the oxidising agent).  If oxygen is used up 
before it can reach the sediments, the water above the sediment becomes 
anoxic.  If oxygen levels at the sediment surface are reduced to less than 
0.1 ug/L, Fe(III) is reduced to Fe(II) and any phosphorus bound is released.  
Once the surface layers of the sediment become sufficiently deoxygenated, this 
mechanism is the major source of phosphorus release.  High levels of nitrate in 
the water will delay the release of phosphorus because nitrate would be 
preferentially released before reduction of Fe(III) begins.  At low pH, the 
calcium, iron, manganese salts that bind phosphorus become much more 
soluble and phosphate will be released.  As productivity increases in summer, 
carbon dioxide is used up in the water and the pH tends to rise.  In those 
wetlands that stratify and become deoxygenated, as well as having a pH above 
8, it is highly likely that Fe(III) bound phosphorus will be released from the 
sediment, due to the reduction of Fe(III) to Fe(II).  These releases prevent the 
lakes from becoming phosphorus limited.  Apatite bound phosphorus will only 
be released under low pH conditions (Townley et al 1993). 
 
 
3.4.  Influence of Nitrogen and Phosphorus in Water bodies 
Smalls (1983) identified total phosphorus at 10 µg/L as the critical 
concentration above which algal/cyanobacterial problems occurred for 
Prospect Reservoir in New South Wales.  This was also the concentration 
Vollenweider (1976) nominated as distinguishing waters that are oligotrophic 
(waters with a small supply of nutrients) from mesotrophic (waters that are 
intermediate between nutrient-rich, or eutrophic, and nutrient-poor) for 
phosphorus-limited lakes and reservoirs.  (See also the section 'Lake 
Classification Methods'.)  In other standing inland waters, the critical levels of 
phosphorus for problematic plant growths have been identified as somewhat 
higher, often around 20 µg/L (AEC 1987).  Considerably higher concentrations 
of phosphorus occur in Mount Bold Reservoir, South Australia, without 
resulting cyanobacterial or algal problems, probably because this reservoir is 
relatively turbid and therefore light-limited (Ganf 1980; Ganf 1982). 
 
The literature indicates there are two sets of criteria used to classify the trophic 
status of a wetland with regards to its phosphorus state, either OECD (1982) or 
CEPIS1 (Salas et al 1991).  The CEPIS criterion has been adopted for the 
Beeliar Lakes as it has been derived for warm-water tropical lakes (minimum 
water temperature of 10oC and minimum annual average of 15oC).  The Beeliar 
Lakes fit this criterion.  The CEPIS classification is based on the OECD 
criterion, which was developed for deep lakes in the Northern Hemisphere.  A 
selected summary of the OECD nitrogen and CEPIS phosphorus classification 
and how the Beeliar Lakes compare to the (mean) 'Eutrophic' classification is 
presented in Tables 3.4-1 and 3.4-2 respectively.  (Note:  Monitoring data for 
                                                 
1 CEPIS – Pan American Centre for Sanitary Engineering and Environmental Sciences 
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both the water and sediments in the Beeliar Lakes is discussed later in 
Chapter 5 ‘Results’). 
 
Table 3.4-1  CEPIS and OECD boundary values for trophic classification 
Parameter  Oligotrophic Mesotrophic Eutrophic 
Total Phosphorus 
(ug/L) 
⎯x 
x ± 2σx 
21.3 
2.9 – 22.1 
39.6 
7.9 – 90.8 
118.7 
7.9 – 90.8 
Total Nitrogen 
(ug/L) 
⎯x  
x ± 2σx 
661 
208 – 2103 
753 
313 – 1816 
1875 
395 – 8913 
 
Table 3.4-2  % of Readings in each Lake exceeding the mean eutrophic value in Table 3.4-1 
Lake Total Nitrogen (ug/L) 
% readings > Eutrophic 
mean 
Total Phosphorus (ug/L)  
% readings > Eutrophic 
mean 
Bibra 97 99 
North 76 87 
Yangebup 99 85 
Kogolup North 100 100 
Kogolup South 100 75 
Thomson 90 83 
 
 
3.4.1. Trophic Status - Chlorophyll a 
 
Chlorophyll a concentration can be used as a general indicator of plant biomass 
because all plants, algae and cyanobacteria contain about 2% (dry wt) 
chlorophyll a (ANZECC 2000).  An increase in the concentration of 
chlorophyll a in a water body indicates that plants, algae or cyanobacteria are 
actually growing.  However, consideration needs to be given to the fact that 
interspecies variation and variations within a species have different 
concentrations of chlorophyll a.  Table 3.4-3 gives an indication of the broad 
relationship between chlorophyll a and trophic status whilst (ANZECC 2000) 
suggest for south-western Western Australia wetlands (where the Beeliar Lakes 
are located) that 30ug/L is a recommended upper limit trigger value above 
which ecosystem problems, as described earlier in section 3.1, may occur.  
Table 3.4-4 provides details of the chlorophyll a concentrations for the various 
wetlands in the Beeliar Lakes system and it is clear that the wetlands are 
hyper-eutrophic, except Kogolup South, which is eutrophic. 
 
Table 3.4-3  Chlorophyll a as a trophic status indicator (ANZECC 2000) 
Annual Chlorophyll a mean 
(ug/L) 
Annual Max 
(ug/L) 
Trophic Status 
<2 <5 Oligotrophic 
2 – 5 5 – 15 Mesotrophic 
5 – 15 15 – 40 Eutrophic 
>15 >40 Hyper - eutrophic 
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Table 3.4-4    Chlorophyll a summary lake data against trophic status from Table 3.4-3 
Lake Annual Average 
Chlorophyll a (ug/L) 
(1992 - 2002) 
Average Annual Max 
Chlorophyll a (ug/L) 
(1992 - 2002) 
Bibra 81 >200 
Yangebup 35 >50 
Kogolup North 17 >40 
Kogolup South 8 >20 
Thomson 21 >80 
 
 
3.5. Vulnerability for Contamination in the catchment 
3.5.1. General 
 
The predominantly light textured, sandy soils of the Swan Coastal Plain and 
their generally poor nutrient and water retention characteristics have been 
recognised as important contributing factors to contamination of the shallow 
groundwater aquifer of the region (Sharma 1991).  Groundwater contamination 
resulting from human activities has been a problem since settlement in the 
Perth area in 1829 (Davidson 1995).  The vulnerability of the shallow 
groundwater to contamination by the nutrient species, nitrate and phosphorus, 
as well as pesticides is well recognised (Gerritse 1990).  Some of the processes 
(in general) of how contamination of groundwater can occur are described in 
section 3.6 ‘Sources of Contamination’. 
 
Bassendean sands have extremely poor bacterial adsorption properties due to a 
lack of a clay fraction (Parker 1983) and coliform bacteria has been known to 
travel up to 500m in Australian aquifers (Larsen 1998).  Poinke (1990) 
described groundwaters within Bassendean Sand aquifers as having low nitrate, 
high organic carbon concentrations and low redox potential. 
 
 
3.5.2. Investigative Contamination Studies 
 
The vulnerability of groundwater to become contaminated is based on a 
number of factors including: the chemical composition of the contaminants; the 
lithology of the sediments; the depth below the ground level to the water table; 
and the climate. Davidson (1995) considered the groundwater in the area of the 
Jandakot Mound and the Lakes to be highly susceptible to contamination from 
agricultural, industrial and urban activities, as the water table is less than 3m 
below ground level in some areas.  There has been a number of investigative 
studies into the movement and attenuation of contaminants in the soils and the 
superficial aquifer of the Swan Coastal Plain, a selection of which are 
presented below (Davidson, 1995). 
• In the Welshpool area, 8km south-east of Perth, disposal of plating liquors 
from a metal-finishing company resulted in a large groundwater 
contamination plume containing cyanide and heavy metals; 
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• In the Baldivis area, 38km south of Perth, effluent rich in ammonium sulfate 
from a nickel refinery leaked into the groundwater from a disposal pond; 
• Adjacent to Yangebup Lake, effluent rich in BOD2, surfactants and arsenic 
from wool scouring plants contaminated nearby groundwater; 
• In 1979, Whelan (1979) studied the input to the groundwater flow system of 
phosphate and nitrate from septic tanks and found that the input was 
considerable due to the poor attenuation properties of the sandy sediments; 
• La Brooy (1981) reviewed the attenuation capacity of different soils of the 
Swan Coastal Plain for contamination originating from agricultural, 
industrial, domestic and urban sources and concluded that, although 
contamination appeared to be localised, there were potential for more 
serious contamination if problems were allowed to accumulate; 
• Newman (1981) reported on the effective removal of heavy metals by sand 
and concluded, from laboratory experiments, that Bassendean Sand was the 
least favourable soil compared to other soils (Tamala Limestone, Safety Bay 
Sand) of the Perth Coastal Plain.  The reasoning for the Bassendean Sand 
being the least favourable was its low specific adsorption due to its low pH. 
 
3.6. Sources of contamination 
3.6.1.  Nitrate in Perth Groundwaters 
 
The dominant form of nitrogen found in the groundwater, that are anoxic 
and/or in a chemically reduced state of the Swan Coastal Plain, is nitrate 
(Townley et al 1993).  Appleyard (1995) indicated that the groundwaters in the 
Perth area under native vegetation have typical nitrate - N levels of under 
0.5mg/L.  Hirschberg (1996) concurred with this by indicating that natural 
background levels in the Perth Basin are typically around 0.25mg/L.  ANZECC 
(2000) suggests an upper limit value of nitrate in freshwater of about 0.7mg/L.  
(Davidson 1995) reported that three generalisations could be made regarding 
nitrate contamination on the Swan Coastal Plain;  
• Septic sewage and garden fertilisers may generate up to 20mg/L; 
• Intense fertilisation of horticultural areas/recreation / sporting grounds may 
generate between 20mg/L and 60mg/L; and,  
• Industrial and liquid waste is above 60mg/L. 
 
Appleyard (1987) concluded that groundwater nitrate concentration beneath 
urban areas is generally greater than 10mg/L due to septic tank leakage and 
leaching from nitrogenous fertilisers.  However, GRC - Dames and Moore 
(1990) reported that background nitrate levels in the Jandakot UWPCA are low 
(< 1mg/L) ‘and probably reflect the efficient scavenging (by denitrifying 
bacteria) of available nitrate, with a natural equilibrium between inputs and 
outputs’ (that results in the overall low nitrate concentration).   
                                                 
2 Biochemical oxygen demand – amount of oxygen required to bacterially or chemically 
stabilize the oxidisable matter in water 
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Under natural conditions (bushland) the sources of nitrate-nitrogen are limited 
to fixed atmospheric nitrogen in rainfall and nitrogen from biological processes 
associated with the growth and decay of the native flora and fauna.  The main 
source of nitrate contamination in the Jandakot Underground Water Pollution 
Control Area (JUWPCA) is fertiliser use for horticulture (Water Authority 
1991).  Septic tanks were also a problem (Larsen 1998).  On Bassendean Sand, 
as much as 40% of the fertiliser from intensive agricultural land can be lost to 
drainage in the year of application (Schofield 1985). 
 
Denitrification has been identified as being an important process in acting as a 
sink for nitrate in groundwater.  The highly spatially variable nitrate 
concentrations observed in groundwater are probably due to spatial variations 
in redox conditions of groundwater that in turn depend upon the availability of 
dissolved organic carbon.  Sharma (1991) carried out an assessment of the 
transport of nitrate and chloride from a market garden on the Swan Coastal 
Plain.  These authors concluded that the nitrate and chloride would move at the 
same velocity as the groundwater.  Because neither nitrate nor phosphorus 
were detected in a transect of monitoring bores on the groundwater 
downgradient side of the market garden, they further concluded that there was 
negligible export of water and dissolved solutes from the market garden.  
Dilution and denitrification are the important processes that can act to 
ameliorate nitrate contamination of groundwater.  In the absence of these 
processes, nitrate will effectively migrate at the same velocity as the 
groundwater. 
 
A study undertaken on Lake Wattleup, south of Lake Thomsons which 
indicated that nitrate concentrations above and below the water table was 
highly variable and it had travelled about 50m outside the boundary of the 
market garden (Townley et al 1993).   
 
3.6.2. Ammonia 
 
Under aerobic conditions, ammonium from septic tanks effluent is rapidly 
oxidised to nitrate during transport through the Bassendean and Spearwood 
sands.  The low nitrate concentration observed in most urban areas that are 
underlain by Bassendean Sand, are probably the results of intensive 
denitrification (GRC - Dames and Moore 1990). 
 
3.6.3. Phosphorus in Perth Groundwaters 
 
Gerritse (1989) estimated travel times for phosphate relative to groundwater in 
soil types on the Swan Coastal Plain using adsorption isotherm parameters.  
The travel times were for the saturated zone and are conservative, as they don’t 
look at the unsaturated zones.  Estimates of travel times in 1 metre of the 
unsaturated zone of Spearwood sands may vary from 5 to 255 years depending 
on the rate of recharge and the strength of the phosphorus source (Sharma et al, 
1991) although Townley et al (1993) have reservations regarding these 
estimates due to inconsistencies or errors in the equations used.  A study 
undertaken on Lake Wattleup, south of Lake Thomsons indicated that 
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phosphate is less mobile (than nitrate) and showed that most of the phosphate 
was retained in the upper 2m of the unsaturated zone (Townley et al 1993). 
 
For Spearwood sands, the capacity to adsorb phosphate is over 200mg P/kg 
soil whereas it is only 40mg P/kg for Bassendean sands (Townley et al 1993).  
The Bassendean sand wetlands have phosphorus bound up in the sediments but 
is readily released under deoxygenation and/or high pH.  The Tamala limestone 
wetlands held onto the phosphorus.  There are high concentrations of 
phosphorus in the Lakes due to the long water turn over rate, possibly as the 
result of low throughflow.  The Swan Coastal Plain wetlands are poorly 
flushed with very long residence times (Townley et al 1993).  The artificial 
drains that discharge into the wetlands bring high phosphorus loads relatively 
quickly into the lakes during short periods and have greatly altered the 
phosphorus dynamics in the wetlands (Davis 1993). 
 
Bioassay of carbon, nitrogen and phosphorus content of algal protoplasm 
material shows that these elements occur in the atomic ratio of 106C: 16N: 1P 
(Townley et al 1993).  This ratio has become a widely used reference ratio for 
determining the limiting nutrient for algal growth in water bodies.  Phosphorus 
limited if the minimum annual load nitrogen to phosphorus ratio was greater 
than 17 and nitrogen limited if less than 17. 
 
Studies where nutrient transport via groundwater inflow into surface bodies is 
found to be significant are quite rare.  Frequently it is observed that the 
phosphorus concentration in a lake is lower than expected from the measured 
inputs in surface water runoff.  The process of phosphorus exchange between 
the lake water and sediments is determined by: the phosphorus concentration in 
the interstitial water; the phosphorus concentration in the water phase; the 
adsorption characteristics of the sediment for the phosphorus under aerobic and 
aerobic conditions; and, basic re-arranging of phosphorus.  Groundwater 
flowing through lakebed sediments and carrying some phosphorus load will 
undergo phosphorus removal by adsorption on the sediments.  This process 
will separate from the uptake of phosphorus from the water column by 
sediments.  In such cases, the low concentrations of phosphorus can be 
accounted for its exchange with the lake bottom sediments (Jorgenson 1975).  
These bottom sediments provide surface area for sorption of phosphate and 
metal ions until at least the sorption capacity of the sediments is reached. 
 
 
3.6.4. Point sources in the catchment 
 
Contaminants in groundwater are carried in the direction of the flow although 
they mix laterally within the aquifer and can be retarded by sorption and decay.  
Advection is when the contaminants are carried at the same rate as the 
groundwater.  As the water travels through the aquifer, the contaminants may 
be dispersed due to the soil matrix.  There is also adsorption and decay, which 
can change the concentration but not necessarily the capture zone. 
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Hirschberg (1988) identified 22 point sources of known animal-based waste, 
two abandoned landfills and one source of industrial waste in the Lakes 
catchment, as indicated on Figure 3.7-1. 
 
Non-point sources are likely to be the result of the various land uses in the 
catchment which vary from rural, urban, industrial, noxious industrial and 
public open spaces. 
 
 
 
Figure 3.6-1 Identified point sources (after Hirschberg, 1988) 
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3.7. Lake Specific Studies 
 
The following sections provide details of the research, undertaken by others, 
which has specifically been related to the origin of contaminants that may form 
part of the water quality issues in the Beeliar Lakes.   
 
There has been limited research to assess the origin of contamination into the 
lakes from the catchment and there appears to be differences of scientific 
opinion regarding the extent of the lakes surface water and groundwater 
nutrient contributions.   
 
For the lakes themselves, there have been a number of studies that have 
assessed the organisms (e.g., macroinvertebrates) or management within the 
lakes (e.g., (Water Authority (1993), Ecoscape Environmental Consultants 
(1994), Water Corporation (1998)).  However, the scope of these studies is 
limited to dealing with issues inside the Lake, i.e., the water and nutrients has 
already entered the lakes and there has been limited, if any, assessment of how 
the nutrients got into the lakes.  
 
3.7.1. Bibra Lake 
 
Bibra Lake is a shallow basin with lake deposits up to 7 m thick representing at 
least three cycles of lacustrine sedimentation (Figure 3.7-2 and 3.7-3).  These 
deposits are also found on the perimeter with one small sandy shore area on the 
west boundary (Water Authority, 1987) 
 
The maximum water levels are maintained in Bibra Lake (and Yangebup Lake) 
by pumping to five infiltration basins located 1.7kms on the western side of the 
lakes in order to manage algae growth problems.  Pumping commenced in 
May 1993.  Initially there was only one infiltration pond, but the base of the 
ponds becomes clogged due to algae dying, decomposing and/or settling to the 
bottom.  The majority of the algae originate from Bibra Lake and it is thought 
to be from the high nutrient level in the lake caused by seepage into the lake 
from an old municipal disposal site and the feeding of birds around the lake 
(Jim Davies and Associates 1994).  There was an old sanitary landfill at the 
southern end of the lake. 
 
Recorded water levels for Bibra Lake were considered by (Water Authority 
1991) to be representative of the water table level in the Jandakot Area and 
show three distinct phases; 
• During the mid and late 1960’s, above average rainfall led to a rise in water 
table levels which may have been compounded by clearing of lake 
vegetation; 
• From the late 1960’s to the late 1970’s, the water table declined as the 
result of reduced recharge due to low rainfall; and 
• Since the 1970’s drainage and increased recharge from urban areas have 
generally led to steadily rising water levels.  
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Land clearing has increased the surface runoff into the North and Bibra lakes 
and it is likely that the lake water level will continue to rise with the process of 
urbanisation (Metropolitan Water Authority 1983).  This is the one of the 
reasons that pumping out of Bibra Lake occurs. 
 
In summary, there has been very limited research undertaken for Bibra Lake. 
 
 
 
Figure 3.7-1  Bibra Lake (Water Authority 1991) 
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3.7.2. Yangebup Lake 
 
Location and Site Hydrogeology 
 
Yangebup Lake is a large permanent flow-through lake with groundwater 
forming a surface expression in a near circular depression between the 
Bassendean and Spearwood dune system and is located within the urban setting 
of the City of Cockburn (Martinick McNulty 2000).  The urban development 
surrounding the Lake includes residential development to the west and north-
east, areas of general and light industry to the north; and the Jandakot Wool 
Scouring Company wool scouring precipitation ponds on the eastern side of the 
Lake.  The Company was established adjacent to the Lake in the 1920’s and by 
1953, six precipitation ponds were established about 190 metres from the edge 
of the Lake.  In 1994, there were 19ponds, some of which formed part of the 
Lake when it flooded the pond system in 1994.  The ponds were closed in 
February 2000 for commercial reasons.  Yangebup Lake is surrounded by 
gently sloping terrain of sandy soils and in its natural state very little surface 
runoff would have entered it (Martinick McNulty 2000). 
  
The lake's catchment has changed greatly due to vegetation clearing, 
establishment of a number of drains (sub soil drainage and surface drainage, 
e.g., South Lakes Drain) and pumping by the Water Corporation discharge into 
Yangebup Lake.   
 
Approximately 35m below ground level the superficial formations are 
underlain by the Osbourne formation which is relatively impermeable and 
forms a base to the aquifer.    In the vicinity of the lake, it is understood that 
there is a layer of coffee rock that underlays the entire bed of the lake isolating 
the thin Bassendean Sand lenses from the deeper aquifer.  There are thin layers 
of coffee rock and unconsolidated Bassendean sand that thins from east to west 
(Martinick McNulty 2000). With regards to the sediments in the lake, there is 
unconsolidated flocculated sediment (20cm) over organically rich peat 
sediment (20 – 30cm) over a sand layer. 
 
Water inflow to the Lake 
 
Martinick McNulty (2000) estimated the average upstream and downstream 
hydraulic gradients from monitoring data between 1990 to 1998 and stated that 
there were only small variations in average hydraulic gradients on a monthly 
basis.  This suggested that the Lake has little impact on regional groundwater 
levels, which may be consistent with the isolation of the Lake from the lower 
aquifer by coffee rock and the relatively constant discharge of waste from the 
ponds.  Groundwater modelling of the lake for the period 1984 to 1990 showed  
that the Lake was recharging through approximately 70% of the lakebed 
(western side) and receiving groundwater through 30% of the eastern side 
(Martinick McNulty 2000).  The high recharge reflects the impact of the coffee 
rock on the eastern side of the Lake and the high groundwater levels beneath 
the ponds. 
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Figure 3.7-2  Yangebup Lake (1) in 1996 (Water Corporation) 
 
Figure 3.7-3  Yangebup Lake (2) looking north towards Bibra Lake at the top (Water 
Corporation) 
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Figure 3.7-4  Yangebup Lake looking south to the Kogolup and Thomsons Lakes (top) (Water 
Corporation) 
Figure 3.7-5  Yangebup Lake (Water Authority 1991) 
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Groundwater levels in the vicinity of the scouring ponds suggested 
groundwater flow be to the west and upwards.  The flow in the lower aquifer is 
somewhat isolated from the effects of changes in Yangebup Lake, hence it is 
likely that not all aquifer flow is captured by the lake even though about 900 m 
of lake frontage face the direction of the groundwater flow.  The groundwater 
flow below the ponds is vertical. 
 
Martinick McNulty (2000) reported that the groundwater capture zone of the 
Lake extends eastward for 3 to 4 kilometres which was estimated by plotting 
streamlines perpendicular to the contours of the groundwater table and that 
groundwater contributes relatively little to the water that enters the lake.  This 
contradicts previous studies (G.B. Hill and Partners 1990) and (Ecoscape Pty 
Ltd 1995)) that suggest that the groundwater is a significant component of the 
lake’s water balance.  Martinick McNulty (2000) also reported that the water 
levels for this and Thomsons Lake are very similar until 1984 suggesting that 
the hydrogeological conditions in the vicinity of these lakes are similar.  The 
change from 1984 to 1986 is attributed (estimate) to the south lakes urban 
development to the north-west of Yangebup Lake. 
 
Neild (1990) investigated lake and groundwater interaction using flow-through 
modelling as part of numerical modelling undertaken for the Jandakot Wool 
Scouring Company.  This author reported that for long lakes (with a length 
greater than 16 times the aquifer thickness as is the case for Yangebup Lake) 
with a resistive layer, the coefficient of capture zone depth can be estimated as 
0.6.  Using the horizontal flow ratio and the thickness of the aquifer gives 
capture zone depths of 0.56m and 0.64m for upstream and downstream flows 
respectively.  This suggests that about 56% of the horizontal flow in the aquifer 
below the lake is captured by the lake and will flow through the lake.  This is 
relatively low for such a large lake and reflects the effect of the low 
permeability coffee rock in isolating the lower aquifer. 
 
Martinick McNulty (2000) reported that rainfall and evaporation form a 
significant component of the water balance for the lake.  This claim is on the 
basis of an annual water balance model developed for Yangebup Lake that 
indicated values of about 30% and 80% respectively.  As stated previously, 
there is subsoil drainage in the catchment of the South Jandakot Rural Drain 
that discharge to the lake 
 
Nutrient Input 
 
Martinick McNulty (2000) estimated 890 kL of waste water that was rich in 
arsenic, nitrogen and phosphorus was discharged daily into the ponds.  Of this 
flow, 30% travelled via the upper aquifer to the lake whilst 70% travelled 
vertically into the lower aquifer and into the regional groundwater flow.  The 
capture depth of the lake implies that some of this water may be recaptured in 
the westerly sections of the lake.  As the groundwater flows through the 
sediments of the lake, there is an increase in the concentration of arsenic, 
nitrogen and phosphorus in the water entering the lake.  An assumption made 
by (Martinick McNulty 2000) was that these elements remain soluble in the 
soil water medium and that input is therefore equal to output.  For nitrogen this 
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is reasonable but for phosphorus and arsenic, it was assumed that the soil sites 
are saturated between the ponds and the lakes due to the very high loadings 
from the pond.  Loadings from the surface catchments contribute the greatest 
nitrogen and phosphorus loads. Martinick McNulty (2000) indicated that a total 
of 124kg of phosphorus enters the lake from surface catchments whilst 
nitrogen loadings of 128kg/yr were estimated to come from the atmosphere. 
Evangalisti and Associates (1998) reported that the South Lakes Drain annually 
discharges 39 kg of total phosphorus to the Lake. 
 
Martinick McNulty (2000) reported that previous studies ((Masters 1995), 
(Davis 1993)) indicated the concentration of arsenic and phosphorus are 
greatest in the surface sediment where the flocculated sediment is characterised 
by suspended particles of iron oxyhydroxides and greater aeration when 
compared to sediment occurring at greater depths.  The concentration increased 
with depth in the sediment from the flocculated to the peat sediment. 
(Martinick McNulty 2000) suggests that the large pool of phosphorus and 
arsenic must have accumulated under different hydrological or loading 
conditions or is the result of long term accumulation.  The author also indicated 
that the majority of the phosphorus is bound to the sediments that may be re-
suspended when the lake is destratified whenever winds are greater than 3m/s, 
which can occur 30% of the time on average (Martinick McNulty 2000). 
 
Yangebup Lake Summary 
 
There have been a limited number of studies that have made assessments of the 
groundwater contribution to Yangebup Lake.  There appears to be some 
conflict regarding the degree of importance that the groundwater contributes 
water and nutrients to the Lake.  With regards to the nutrient loading, 
Martinick McNulty (2000) state that the lake’s sediments holds a substantial 
pool of total phosphorus that may be released into the water column under 
favourable conditions. 
 
3.7.3. Thomsons Lake 
 
Thomsons Lake is a shallow water body subject to seasonal drying. G.B. Hill 
and Partners (1990) developed the South Jandakot Drainage Management Plan 
for the Jandakot area, the purpose for which to enable urban development on 
the catchment upstream of the Beeliar Lakes.  The previous landuse in the 
catchment was rural.  The Management Plan was to divert surface water away 
from Thomsons Lake as this lake had the greatest environmental significance 
in the area.  It proposed to dispose of the additional water resulting from urban 
development (i.e., from increased impervious area, reduction in the ability of 
evapotranspiration to occur as there will be less trees) out of the catchment in 
order to maintain the water levels in the Beeliar Lakes.  Metropolitan Water 
Authority (1983) reported that the water level in Thomsons Lake might be 
mainly influenced by rainfall and evapotranspiration and to a certain extent by 
local pumping for irrigation.  There has been very limited research undertaken 
for Thomsons Lake as represented by the findings of the literature review. 
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Figure 3.7-6  Thomsons Lake bathymetry (Water Authority 1991) 
 
Figure 3.7-7  Thomsons Lake (1996) looking west (Water Corporation) 
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Figure 3.7-8  Thomsons Lake (2001) looking south east (Water Corporation) 
 
Figure 3.7-9  Thomsons Lake (2002) looking south (Water Corporation) 
 45
 
3.7.4. Kogolup Lake (North and South) 
 
The literature review failed to locate any studies on these lakes. 
Figure 3.7-10  Kogolup Lakes (1996) looking south (Water Corporation) 
 
 
Figure 3.7-11  Kogolup Lakes (2001) looking south towards Thomsons Lake (Water Corporation)
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Figure 3.7-12  Kogolup Lakes (2002) looking south (Water Corporation) 
 
Figure 3.7-13  Kogolup Lake (North and South) (Water Authority 1991) 
 47
 
3.7.5. North Lake 
 
Location and Site Hydrogeology 
 
North Lake is roughly elliptical in shape, having a length of 750m and width of 
560m.  It has a shallow depth of 3m in winter and less than 1.6m in summer 
(Bayley 1989).  On the floor of the lake lie a series of lacustrine deposits 
having a maximum thickness of about 7m which exist in three distinct groups 
apparently laid down during three separate cycles of sedimentation (Merigian 
1982).  It is located adjacent to Bibra Lake.  Both Bibra and North Lake 
receive runoff from the urban catchments as well as North Lake gaining water 
from swamp overflow.  
 
The depth of the aquifer beneath the lake was estimated as 10m below the lake 
water level (Davidson 1983).  The anistrophy in the top 10m is about 1:100 
(V to H) but may be as high as 1:1000 in the lower 20 to 25m.  This means that 
the water in the lower levels would have more difficulty in rising up to enter 
the lake.  The hydraulic gradient of the groundwater in the vicinity of the 
monitoring bores increased by 0.005 towards the lake which may be the result 
of the convergence of the groundwater flow lines as they approach the lake.  
The sediments on the bottom of the lake would likely inhibit the flow into the 
lake but only when the water level was below 14 m AHD which is the 
sediment line.  Above this, the flow could occur through the shallow shore 
waters (Bayley 1989) as the perimeter of the lake is sandier than the remainder 
of the lake.  Merigian (1982) looked at the hydrogeology for Bibra and North 
Lakes and inferred a more direct connection with the groundwater system at 
North Lake based on differences in the total dissolved solids measurements. 
 
Nutrient Input to North Lake 
 
North Lake has, in the past, received runoff from the surrounding urban 
catchments that includes the Murdoch Drain, which drains Murdoch 
University.  It also gains water from Southern Swamp overflow located south 
of the Lake.  Bayley (1989) estimated that Murdoch Drain provided 73% and 
60% of the phosphorus and nitrogen in North Lake, while 20% and 26% 
entered the lake from groundwater on the eastern side.  The nutrients in the 
groundwater entering the eastern edge probably originated from Murdoch 
Drain.  The highest concentrations of nutrients in Murdoch Drain were shown 
to be associated with short periods of high drain flow following storms.  This 
means that much of the nutrient load delivered was during short periods of high 
flow. 
 
Bayley (1989) reported that regular sampling from the bores upstream of North 
Lake indicated the groundwater was a significant source of nutrients, 
delivering twice more phosphorus over 12 months than Kardinya Drain and 
slightly more than half as much of nitrogen.  Sediment samples taken in 
January 1988 from “the layer of ooze” in the deeper parts of the lake returned 
high P concentrations that were mostly in the organic form.  Data collected 
during the study indicated that approximately 92% of the annual phosphorus 
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load is retained in the Lake. This is in accordance with phosphorus retention 
rates estimated by other researchers for lakes with hydraulic residence times of 
a few months (Congdon 1986).  Direct precipitation on the surface of the lake 
is the largest contributor of water to the lake closely followed by the 
groundwater and Murdoch Drain. 
 
Nutrient Export from North Lake 
 
Bayley (1989) indicated that the groundwater appears to export considerably 
more nitrogen from the lake than it imports and that evaporation was the 
largest flux of water from the lake.  Davis (1988) assessed monitoring data 
from 1970 to 1986 and concluded that the levels of ammonium and nitrate 
were very high in Bibra Lake and North Lake in comparison with Thomson 
Lake and the Chlorophyll a levels were higher in the 2 permanent lakes (North 
Lake and Bibra Lake) than Thomson Lake. 
 
North Lake Summary 
 
There essentially has been only one study (Bayley 1989) into the source of 
contamination from the catchment upstream of North Lake. 
 
 
3.8. Lake Classification Methods 
There are different criteria upon which a water body can be classified 
including: (potential) groundwater interaction with the lakes (Born (1979); 
Semeniuk (1988)); their trophic status (Salas 1991); and management 
categories (EPA (1990), ANZECC (2000).  A description of these 
classifications is now presented whilst a summary of the each Lake’s 
classification is presented in Table 3.8-1. 
 
3.8.1. Groundwater Interaction 
 
Born (1979) suggested there are three types of lakes;  
• Those that recharge water to the groundwater aquifer across the whole base 
of the lake.  That is, the water level in the lake is higher than the regional 
groundwater and water is lost from the lake to the groundwater; 
• Those that discharge water to the groundwater aquifer across the whole 
base of the lake.  That is, the regional groundwater is higher than the lake 
water level and water is lost from the lakes due to evaporation; 
• Those that are flow through lakes.  That is, the lake is recharged by the 
groundwater through one section of the lake bed and discharges to the 
groundwater through another section of the lake.  This means that some of 
the groundwater flows through the lake.   
 
Semeniuk (1988) classified lakes as to whether the base of the lake was: 
• Permanently inundated by the groundwater (a lake).  That is, the minimum 
groundwater level was still above the base level of the lake; 
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• Seasonally inundated by the groundwater (a wetland).  That is, whilst the 
maximum groundwater level was above the base level of the lake, the 
minimum groundwater level may fall below the base; 
• Seasonally waterlogged by the groundwater (a dampland).  That is, the 
maximum groundwater level did not quite reach the base level of the lake. 
 
3.8.2. Management Category 
Australian Water Quality Guidelines (ANZECC 2000) 
 
The Australian Water Quality Guidelines for Fresh and Marine Waters 
(ANZECC 2000) (the ‘Guidelines’) was one of a suite of 21 documents 
forming the National Water Quality Management Strategy (NWQMS) which 
was released in 1992.  In 1993, the ANZECC (Australian and New Zealand 
Environment and Conservation Council) Standing Committee on 
Environmental Protection (SCEP) agreed to review the water quality guidelines 
to incorporate current scientific, international and national information in a 
clear and understandable document.   
 
The main objective of the Guidelines is ‘to provide an authoritative guide for 
setting water quality objectives required to sustain current or likely future 
environmental values for natural and semi-natural water resources in 
Australia and New Zealand.’  To achieve this objective, the Guidelines 
provides recommendations of numerical concentration limits or narrative 
statements that can be used to support and maintain a designated water use 
(e.g., drinking water, recreational, aesthetics). 
   
These limits are not standards.  Rather they indicate that if they are exceeded, 
there is potential for an impact to occur (or to have occurred), but does not 
provide any certainty that an impact will occur (or has occurred). 
 
Aquatic ecosystems comprise the animals, plants and micro-organisms that live 
in water, and the physical and chemical environment and climatic regime with 
which they interact.  ANZECC (2000) recognised three ecosystem conditions; 
• Condition 1 –  High conservation/ecological value systems — effectively 
unmodified or other highly-valued ecosystems, typically (but not always) 
occurring in national parks, conservation reserves or in remote and/or 
inaccessible locations 
• Condition 2 – Slightly to moderately disturbed systems — ecosystems in 
which aquatic biological diversity may have been adversely affected to a 
relatively small but measurable degree by human activity.  The biological 
communities remain in a healthy condition and ecosystem integrity is 
largely retained.  Typically, freshwater systems would have slightly to 
moderately cleared catchments and/or reasonably intact riparian vegetation. 
Slightly – moderately disturbed systems could include rural streams 
receiving runoff from land disturbed to varying degrees by grazing or 
pastoralism. 
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Figure 3.8-1  Types of groundwater interaction with lakes (  
 
 
• Condition 3 – Highly disturbed systems. These are measurably degraded 
ecosystems of lower ecological value.  Examples of highly disturbed 
systems would be urban streams receiving road and stormwater runoff, or 
rural streams receiving runoff from intensive horticulture.  It is likely that 
the general objective for these ecosystems is to support the management 
goals assigned to it rather than not allowing the biological diversity to 
change markedly (as for Condition 1 systems, for example). 
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ANZECC (2000) indicates that many of Australia's fresh water systems have a 
naturally low nutrient status. 
 
The quality of the water in the various lakes is compared to the Guidelines in 
Chapter 5 ‘Results’. 
 
Bulletin 374 (EPA 1990) 
 
Bulletin 374 was compiled by the Western Australian Environmental 
Protection Authority to assist in the classification of wetlands and placed these 
into five broad management categories using a system of ‘naturalness’ and 
human use’; 
• H – high priority conservation – these possess a high degree of naturalness 
and there is a high level of interest in using the wetlands for various human 
purposes.  It is recognised as having the highest priority for establishment 
and implementation as regional park wetlands.  The management objectives 
are to maintain and enhance the wetland attributes  
• C – conservation – high degree of naturalness.  The management objectives 
are to maintain and enhance the wetland attributes 
• O – Conservation and recreation – wetlands have been modified but are 
considered to play an important role in their urban and / or rural setting.  
The management objectives are to provide for human uses whilst 
maintaining the wetland attributes 
• R – resource enhancement - wetlands have been modified and / or do not 
have clearly recognised human uses in their urban and / or rural setting.  
The management objectives are to maintain and enhance the existing 
ecological functions. 
• M – multiple use – significantly degraded, possessing few natural attributes 
and limited human interest.  The management objectives should be 
considered in the context of catchment management and land use planning 
(nutrient enrichment, surface and groundwater pollution), in terms of the 
current value of the wetlands and the potential value to the community if 
rehabilitated. 
 
Utilising the criteria presented above, classification of the Beeliar Lakes is 
presented in Table 3.8-1. 
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 Table 3.8-1  Lake Classification description summary 
Lake Name Bibra North Yangebup Kogolup 
(North) 
Kogolup 
(South) 
Thomson 
Total Lake 
Area (ha) 
135 51.9 90.5 44 14 253.7 
Open water  5 
(ha) 
100 24.7 68.4 21 7 151 
Management 
Status 1 
City of 
Cockburn 
Parks and 
Recreation 
City of 
Cockburn 
Parks and 
Recreation 
City of 
Cockburn 
Parks and 
Recreation 
Private 
ownership 
Private 
ownership 
CALM 
Class A 
Reserve 4 
Born 
(1979) 
1 
Flow-
through 
Flow-
through 
Flow-
through 
Flow-
through 
Flow-
through 
Flow-
through 
CEPIS 
(Salas, 
1991) 2 
Eutrophic Eutrophic Eutrophic Not 
determine 
Not 
determine 
Eutrophic 
L
ak
e 
C
la
ss
ifi
ca
tio
n 
EPA 
(1990) 
3 
C O C Not 
determine 
Not 
determine 
H 
Comments 
Permanent 
wetland; 
surrounded 
by 
woodland, 
urban area 
and golf 
course 
Permanent 
wetland; 
surrounded 
by woodland 
and urban 
development;  
Several 
drains now 
enter the lake
Permanent 
wetland; 
surrounded 
by 
industrial 
areas, 
woodland, 
urban 
areas, 
horticulture
Permanent 
wetland; 
surround 
by 
woodland, 
farmland; 
connected 
by narrow 
corridor to 
Lake 
Kogolup 
(south) 
Permanent 
wetland; 
surround 
by 
woodland, 
horticultur
e, 
farmland 
Seasonal 
wetland; 
surround 
by 
woodland 
and 
horticult 
1 (Townley 1993) 
2 (Davis 1993) 
3 (Water Authority 1991) 
4 Thomsons Lake is of international environmental significance and is a RAMSAR listed wetland 
5 Area is subject to water levels in the relevant lake 
 
 
3.9. Lake capture zones 
3.9.1. Theory 
 
There are typically three water sources of water entering a lake including; rain 
falling on the lake surface, surface water flowing into the lake and groundwater 
entering the lake.  Due to their very nature, these various water sources will 
bring their own shandy, and particular concentration and volume, of water 
quality parameters.  An assessment of the attributes associated with the various 
water sources is now described. 
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The groundwater capture zone for a lake will have horizontal (plan view) and 
vertical components and these aspects will be influenced by factors including 
the groundwater aquifer characteristics (e.g., homogeneality), the permeability 
of the lining in the lake  bed and where this is located across the lake bed, the 
catchment’s surface water drainage system and the lake size.  The capture zone 
may also change shape as the volume in the lake changes.  Objective methods 
to assess the groundwater capture zone for a lake can include the use of 
environmental isotopes and biological tracers.  Both of these methods rely on 
water characteristics that have a specific ‘signature’, which can assist in 
determining the origin (e.g., rainwater or groundwater) of the water. 
 
With regards to the horizontal component, due to the (likely) variable physical 
nature of a groundwater aquifer and the demands on the water itself 
(e.g., vegetation, groundwater abstraction, evaporation), the aquifer’s water 
levels could be expected to vary within a year as well as on an inter-year basis.  
However, at a macro scale, there will be a predominant direction of the 
groundwater flow, normally towards the ocean.  Assessment of the 
groundwater levels via the use of monitoring bores is a useful tool to establish 
the extent of the expected variability on a micro scale. 
 
For the vertical component, the water level within a lake is horizontal, thus the 
piezometric head at the bed of the lake is equal to the elevation of the lake 
surface.  This creates a region beneath each lake where there is a horizontal 
hydraulic gradient and where the groundwater flow tends to stagnate.  A water 
body also provides less resistance to the flow than an aquifer so groundwater 
tends to rise up on the up-gradient side, travel through the lake then flow out 
the down gradient side.  If density effects are ignored, this generates slightly 
vertical flow of water in an essentially horizontal flow path of the groundwater. 
 
Extremely large lakes embedded in the regional flow systems are characterised 
by the fact that there is no underflow beneath the centre of the lake.  It is well 
known that inflow to a large lake is largest at the shoreline and decreases 
approximately exponentially with distance offshore (Born 1979).  The amount 
of seepage into or out of a lake is also dependent upon the bottom sediments of 
the lake. 
 
Townley et al (1992) stated that the depth of the capture zone on the centreline 
of the lake in the direction of the regional groundwater flow depends mainly on 
the ratio of the lake length (2a) to the thickness of the aquifer (B).  For an 
aquifer with equal vertical and horizontal hydraulic conductivities, a rule of 
thumb is that a lake with a length equal to the aquifer thickness, the lake draws 
water from the top half of the aquifer.  A water body that has a length 5 or 10 
times longer than the aquifer depth will draw waters from the whole depth of 
the aquifer and discharge to the same depth.  For a circular lake that is in 
isolation, the capture zone approaches twice the diameter.  This work resulted 
in the development of the “Flow Thru” computer model which provides for the 
calculation of the capture and release zones of shallow lakes in unconfined 
aquifers using a steady state scenario.  The 1993 version of this program did 
not allow for a dynamic situation to be analysed and primarily addressed 
individual lakes (i.e., those lakes that are sufficiently isolated from other lakes 
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so as there is little or no interference between the lakes).  The Flow Thru study 
also used estimates of the capture zones of lakes from the use of isotope and 
hydrogeochemical tracers in the form of the concentrations of oxygen-18 and 
deuterium in the up-gradient groundwater, lake water and down-gradient 
groundwater.  Other examples of tracers include environmental isotopes 
(tritium, deuterium or oxygen-18), biological tracers (faecal coliforms or faecal 
streptcocci) and chemicals (chloride, sulphate). 
 
 
3.9.2. Environmental isotopes 
 
Environmental isotopes are constituents of the water molecule tritium (3H), 
oxygen-18 (18O) and deuterium (2H).  18O and 2H are naturally occurring 
heavy isotopes of water that do not evaporate as easily as the more abundant 
light isotope water molecules.  Groundwater on the downgradient side of the 
lake has the same isotopic and hydrogeochemical signature as lake water which 
allows the release zone of the lake to be determined.   
 
3.9.3. Biological tracers 
 
Faecal coliforms, faecal streptcocci and spores of the anearobic bacterium 
Clostridium perfringens are examples of biological tracers.  Faecal coliforms 
and faecal streptcocci are from the gut of warm blooded animals and have 
limited survival times of about 3 months in groundwater and subsurface water 
(Kaddu-Mulindwa et al, 1983).  Faecal coliforms are usually tested for 
assessment against drinking water guidelines whilst faecal streptcocci is more 
resistant to environmental stresses in aquatic systems than faecal coliforms 
(McFeters 1974) and are rarely found in unpolluted environments. 
 
Clostridium perfringens spores are specialised resistant cells that once outside 
their normal environment can remain in a state of metabolic dormancy for long 
periods (up to years) until conditions are satisfactory for cell division and 
regrowth.  They can provide evidence of long term contamination. 
 
3.9.4. Chemical tracers 
 
Poinke (1990) outlined categories or ranges of Sulphate –S/Chloride ratios in 
relation to the characteristics of the water.  This ratio is thought to be a more 
sensitive indicator of anthropogenic impact on groundwater than others such as 
nitrate or ammonia concentrations.  This is because it is relatively unaffected 
by chemical processes that can remove nitrogen compounds from the water 
(Hirschberg 1996). Chloride is a relatively conservative chemical in this regard 
and will have a relatively constant concentration over a long period of time. 
 
Sulphate can be added to extremely shallow aquifers in wetlands due to 
surficial oxidation of sulphides.  Dissolved organic carbon (DOC), which is 
from peaty surface soils associated with swampy marshes and wetlands, can 
cause biological sulphate reductions. 
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In groundwaters within sandy aquifers such as those underlying the Perth Basin 
the main natural source of sulphur is believed to be sulphate salts in rainwater 
(Bawden 1987).  Groundwaters with high chloride levels are usually associated 
with lake discharge areas.  This is due to the processes of evaporation and 
transpiration that produce high halide loads whilst low chloride concentrations 
are generally typical of surface waters and recharge waters (Bawden 1987).  
Chloride in coastal waters is predominantly derived from cyclic redistribution 
of oceanic chloride via atmospheric processes (wind and rain) whilst only a 
minor component comes from dissolution of rocks (Larsen 1998). 
 
 
3.10. Chapter summary 
Due to elevated levels of nitrogen and phosphorus in a water body, 
eutrophication can cause excessive growth of aquatic plants, which may result 
in unwanted visual and biological effects on the water body.  The nutrients may 
come from various sources as nitrogen is present in most natural waters as well 
as being in human and animal waste and fertilisers whilst phosphorus is also 
present in fertilisers.  
 
Various methods have been developed to classify water bodies based on the 
concentration of nutrients and the one that is most suitable for the Beeliar 
Lakes is the CEPIS classification as it was derived for warm water tropical 
lakes rather than the OECD classification which was developed for deep lakes 
in the northern hemisphere.  The Beeliar Lakes have been classified as 
hyper-eutrophic due to their elevated levels of total nitrogen and total 
phosphorus in the water column. 
 
The Beeliar Lakes are located in the superficial aquifer on the Perth Swan 
Coastal Plain where the Bassendean Sand meets the Tamala Limestone.  
Bassendean Sands have a low clay fraction and have poor bacterial adsorption 
properties and the Tamala Limestone is very porous.  Phosphorus and nitrates 
have contaminated the groundwater of the superficial aquifer, as a result of 
nutrient loadings from septic tanks, intense horticultural activities and 
industrial waste in the catchment and the groundwater is one of the water 
sources for the lakes.  
  
There has been a few studies undertaken on the Beeliar Lakes and most of 
these have focussed on the organisms (e.g., macro-invertebrates) in some of the 
lakes.  There has been very limited research assessing the origin of the nutrient 
contamination in the Lakes.  Of these Lakes, Yangebup Lake has been the 
subject of a number of studies whilst the literature review failed to find any 
research undertaken for the Kogolup Lakes and there was limited research for 
Bibra and Thomsons Lakes.  There are also differences of scientific opinions 
regarding the importance, or otherwise, of the surface water or groundwater on 
the nutrient status of the Lakes and these studies have had a 'lake' focus rather 
than a 'regional' focus. 
 
With regards to the availability of a computer program to assist in the 
management of the lakes and their catchments, the literature review identified a 
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number of potential programs that could perform various parts of the complex 
processes that are occurring in the catchment although there were limitations in 
their ability to combine all of the processes. 
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MATERIALS AND METHODS
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4. MATERIALS AND METHODS 
 
As stated in Chapter 1, the physical location of the Beeliar Lakes and their 
associated nutrient processes are of a complex nature.  In order to be able to 
develop an understanding of these processes, data needs to be assembled and 
analysed from which conclusions that will assist with management decisions 
can be made.  The data that is of relevance include a continuum of; 
• groundwater levels and chloride concentrations within the lake capture 
zones; 
• groundwater nitrogen and phosphorus concentrations; 
• Surface water volumes flowing into each lake 
• Surface water nitrogen and phosphorus concentrations; 
• Lake water levels and associated rainfall records; 
• Lake sediments and water column nitrogen and phosphorus data. 
 
An understanding of the drivers and potential relationships between the lakes 
will also be of benefit in order for a regional view of the system to be 
undertaken.  
 
4.1. Available data 
There was a limited volume of data that was available to be collected.  This 
includes data from the early 1970’s to 1999 from about 70 groundwater bores, 
surface water flows and nutrient concentrations for Thomsons’, Kogolup and 
Yangebup Lakes from 1994 to 2002, lake water column data from 1970 to 
2002 and lake sediment data on selected dates.  The data has been sourced 
from State and local government departments and state corporations and has 
been collated in the Appendix.    
 
The following section describes a number of methods that may be utilised to 
assist in the analysis of catchment and lake data.  Actual analysis of the data is 
presented and discussed in Chapter 5 ‘Results’. 
 
 
4.2. Characteristics of water resource data and analysis 
methods in general 
4.2.1. Mean, Median and Percentiles 
  
Helsel and Hirsch (1996) state that water resources data often has the following 
characteristics; a lower bound of zero; presence of outliers that infrequently but 
regularly occur; skewness; and, non-normal distribution of data which 
commonly features a 'long tail' to the right.  The arithmetic mean, geometric 
mean and the median (or 50th percentile) are often used as measures when 
comparing sets of samples from various locations and are examples of a linear 
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statistical model.  The arithmetic mean is often appropriate for the computation 
of loads of a contaminant, while a median or geometric mean is the preferred 
statistic for describing an 'average' concentration.  The median can 'allow for' 
the influence of instances where there only a few extreme observations.   
 
If a histogram plot of the data is skewed (i.e., it does not represent a ' bell-
shaped' normal distribution or it is asymmetrically distributed), the data is 
either positively (peak number of values right of the 'bell') or negatively 
skewed.  If the data is positively skewed, the mean will be higher than the 
median and vice versa if negatively skewed.    
 
Other 'measures' of water resource data may include; 
• Confidence interval – or the percentile of the distribution, i.e., the 
probability of a monitoring result having a value exceeding a percentile 
value of, say, 95%;  
• Kurtosis – which characterises the relative peakiness or flatness of a 
distribution compared with the normal distribution. A normal distribution 
would have a kurtosis of zero, whilst a positive kurtosis indicates a 
relatively peaked distribution and a negative kurtosis indicates a relatively 
flat distribution; 
• Skewness - the extent of the distribution of the data, either to the left or 
right.  A skewness value of zero would indicate a normal distribution.  
Positive values indicate a pile up of scores on the left of the distribution and 
negative to the right; 
• Variance – a measure of the average error between the mean and the data 
and is a tool that can assist in seeing how well a statistical model can fit the 
data. 
• Standard deviation - can be used to identify possible outliers in the data and 
99% of data is usually within 3 standard deviations of the mean.  An 
extreme outlier is defined here as one that is 4 or more standard deviations 
away from the mean.  If the standard deviation is small relative to the mean 
itself, the data points are close to the mean. 
• Standard error - if there is a number of sets of data and the average value is 
determined for each of these sets, the standard error is the difference 
between the group mean and the individual sets of data means.  It is 
essentially the standard deviation of the sample means.  A large standard 
error indicates that the samples are not necessarily a good representation of 
the overall population.  The standard error is normally calculated for mean, 
skewness and kurtosis values; 
• Z-score - is a way of converting scores (e.g., mean, kurtosis, skewness) so 
that they are standardised and can be compared with a score that has been 
taken from a distribution with a mean of zero and a standard deviation of 1.  
A z-score is usually calculated by using the score (e.g., mean) and dividing 
by its standard error and can be useful to compare scores even when they 
have been measured in different units.  If the z-score is above 1.96, as a rule 
of thumb it is considered to be significantly different for it to occur by 
chance.  
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4.2.2. Graphical Analysis 
 
Histograms, box plots, scatter diagrams and quartile plots are examples of 
graphical analysis or distributional techniques.  Histograms are the more 
common method of graphical analysis although they have a primary deficiency 
in that the resulting plot is dependent upon the number of categories selected.  
Quartile plots, which display the percentiles of the distribution, can overcome 
this aspect.  How well the resulting quartile plot represents a linear pattern can 
provide indications of skewness, outliers and heavy tails.  For example, the 
quartile plot can, and usually does, include a 'straight line' that represents the 
normal mean and standard deviation of the sample data.  When the actual 
sample data is plotted on the same graph, relevant statistical details can become 
apparent including; whether the data needs to be transformed (some points may 
not follow the same pattern as the remainder of the data) and outlier 
identification (if there is a pattern similar to the straight line but also has 
deviations at the ends indicates a long tail to the data).  
 
4.2.3. Transformation of Data 
 
If the data does not represent a 'normal' distribution, transformation of data 
may be required so as to make the data more symmetric, more linear and/or 
more constant in variance.  The reason transformation is required is because 
the correct application of many statistical procedures relies on the assumption 
that the data has been sampled from a parent population of values that are 
normally distributed.  For example, if the data are negatively skewed, 
transformation may involve the square (x2) or cube (x3) of the original data 
whilst positively skewed data could involve square root, cubed root, 
logarithmic, reciprocal or other similar transformation techniques. Helsel 
(1996) suggest that it is better to transform all of the data using the same 
method (e.g., reciprocal) rather than searching for the ‘best’ transformation of 
each data set.  Once the data ‘better’ represents a normal distribution, there is 
no reason why back transformation of the data can not be performed. 
 
Another aspect of transformation that may be beneficial for interpretation of 
the data is that it may indicate a (say) bimodal aspect to the data (i.e., 2 
separate peaks in the distribution) that could suggest that there are two 
independent processes operating. 
Other Analysis Tools 
 
Other tools that can be used to assess the extent of similarity (or dis-similarity) 
of a series of data include the coefficient of variation and correlation 
coefficients.    
 
The coefficient of variation is the mean divided by the standard deviation.  For 
each Lake, a comparison can be made of each type of analyte (e.g., total 
nitrogen, water temperature) to determine if the coefficient of variation is 
consistent across all the sites, or otherwise.  This mechanism can assist in 
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determining if there are similar processes that are influencing the data results in 
each Lake; 
 
The correlation coefficients is where each set of the time series data for each 
site is compared against all the other sites and then gathered together for each 
group (in this case it would be each Lake).  If the relationship between sets of 
data is relatively strong (i.e., r2 = 1.0), there may be an opportunity for a 
particular analyte to be used as a predictor for another analyte.  This can be 
useful if there is a possibility to control the predictor and therefore influence 
the predictee. 
 
 
4.3. Lake capture zones 
4.3.1. Horizontal groundwater component 
 
Details provided earlier in this report stated that the regional groundwater flow 
from the top of the Jandakot Mound is in a westerly direction.  To determine if 
there was any variation in the horizontal component of the lake capture zones 
on an intra and inter year basis, analysis of the monitoring results of the 
groundwater levels in the bores in this area was undertaken.  These bores have 
been monitored for a number of years (1973 to 1999).  The data were divided 
into four times throughout each year (April, July, September, December) and 
plotted.  These results are presented in Chapter 5 ‘Results’. 
 
 
4.3.2. Vertical groundwater component 
 
Cargeeg et al (1987) estimated the capture zones of the Beeliar Lakes, amongst 
others on the Jandakot Mound, as part of the Perth Urban Water Balance Study 
model (PUWBS) study.  This study made a key assumption that the capture 
zones extended all the way to the top of the mound rather than specifically 
taking into account the capture zone (in a vertical section) for the relevant lake.  
These assumptions were also adopted as part of the particle tracking methods 
used for the PUWBS and the Jandakot Land Use and Water Management 
Strategy study (Dames & Moore 1996). 
 
To test these assumptions, analysis of chloride levels in the bores was 
undertaken.  As stated previously, chloride is a relatively conservative 
chemical and will retain a level of consistency over a long period of time.  Due 
to the finite number of groundwater bores in the Jandakot Mound area that had 
recorded readings of chloride concentrations, an assumption was made that 
these readings had very little variation over a period of time.  That is, 
groundwater bores that were sampled in 1973 were plotted on the same graph 
as samples from 1997.  Figure 4.3-1 presents that the basis of this assumption 
is the consistent chloride concentrations over the 1973 to 1983 period.  The 
results of the chloride readings for the various lakes are presented in Chapter 5 
‘Results’. 
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Chloride Concentrations in groundwater bore T90 (O) 
(1973 -1983)
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Figure 4.3-1  Chloride concentrations - Bore T90 (O) 
 
 
4.4. Overview of possible computer models 
A tool to assist in the management of the nutrient loadings in catchments and 
the lakes is a computer model.  Two references in particular, (Donigian (1991), 
Shoemaker (1997)) describe a significant number of the various computer 
models that may be suitable here.  The models discussed in these two 
references ranged from those that assessed a catchment in a simplistic or a 
complex (or “detailed”) manner.  On the basis of the information contained in 
these two references, potential models were reviewed for which a brief 
description of these various models’ capabilities and limitations is presented.  
The models included; 
• Hydrological Simulation Program – FORTRAN (HSPF), 
• Storm Water Management Model (SWMM). 
• Storage, Treatment, Overflow, Runoff Model (STORM), 
• Areal Non-point Source Watershed Environment Response Simulation 
(ANSWERS), 
• Groundwater Loading Effects of Agricultural Management Systems 
(GLEAMS); 
• Flow Thru. 
 
 HSPF 
 
This model simulates land and soil contaminant (sediment, pesticides, 
nutrients) runoff processes, both non-point and point sources, in complex (e.g., 
various land uses) catchments, including in-stream hydraulic and sediment-
chemical interactions.  The program is considered to be “detailed” and 
simulates the processes on a catchment in real time, taking into account the 
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mechanisms for simulation of underground water quality in both the saturated 
and unsaturated zones. Donigian (1991) expressed that the HSPF program may 
be “more appropriate in large multiple land use catchments, in areas with more 
open space where groundwater contributions increase in importance, where 
rainfall induced erosion occurs, or where quality interactions are important 
along the runoff pathway”.  Donigian (1991) has been involved in the 
development of the HSPF program from its establishment in the mid 1970’s.  
The HSPF model uses the Stanford Watershed (hydrological) Model (Crawford 
1966), which takes into account the total water balance of the catchment, 
including infiltration and overland processes, and can be applied to a wide 
range of catchments.   
 
Whilst this model appeared to have a number of attributes that were attractive 
to the Beeliar Lake system including routing and degradation of the quantity 
and quality in the surface and groundwater, one of its limitations is to do with 
the lake volume / groundwater interaction definition.  More specifically, the 
HSPF model requires a volume : area: stage relationship for each receiving 
water body.  As the bed of the Beeliar Lakes is below the local groundwater 
level and there a dynamic transfer of water to and from the lake and 
groundwater, the relationship described above could not be determined.  This 
conclusion is based on attempts to utilise HSPF to the Beeliar Lakes system.  
 
SWMM 
 
This program simulates most of the quality and quantity processes that occur in 
the urban hydrological cycle including groundwater and unsaturated zone 
flows.  It is capable of continuous simulation and takes into account point and 
non-point sources.  It is limited in its ability to model sub-surface quality 
routing and it doesn’t allow for interaction of quality process (e.g., only first 
order decay).  These aspects were considered to be fundamental to the Beeliar 
Lakes system. 
   
STORM 
   
This model contains simplified hydrological and water quality routines for 
continuous simulation of runoff quantity and quality, including sediments and 
several conservative pollutants in urban areas.  It generates runoff volumes and 
has a limited ability to match observed hydrographs in the calibration process 
as the runoff is “stored” in a device until “overflow” occurs and as such, the 
model does not route the flow.   
 
One of the limitations of this model is in its simulation of quality constituents 
as the routines used are based on those developed in the original SWMM 
program with very few modifications.  Donigian (1991)  states that these 
routines have been shown to be relatively inflexible in matching pollutographs 
and have been updated in SWMM and other models. 
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ANSWERS 
 
This program is an event-based model (i.e., a single storm event) that is 
capable of simulating point and non-point sources, predominantly on 
agricultural catchments.  As it is a single storm event program, it has a 
limitation in that it does not take into account the deposition and erosion 
processes that occur between storm events and the longer term processes that 
occur within the Beeliar Lakes and its surface water and groundwater 
catchments. 
 
GLEAMS 
 
This program is a field scale model that simulates daily quantity and quality 
runoff volumes and includes capabilities of model user defined management 
activities.  It was developed using the management oriented physically based 
model CREAMS (Chemicals, Runoff, and Erosion from Agricultural 
Management Systems).  The GLEAMS program also incorporated enhanced 
simulation of pesticides and nitrogen.  Its limitations include that the maximum 
size of the catchment is a field plot and it cannot model in-stream processes. 
 
FlowThru 
 
Other programs or methods that were assessed during the literature review 
included the “FlowThru” (Townley 1992) computer program.  This program 
calculates the capture and release zones of shallow lakes in unconfined aquifers 
using a steady state scenario.  This program did not allow for a dynamic 
situation to be analysed and primarily addressed individual lakes (i.e., those 
lakes that are sufficiently isolated from other lakes so as there is little or no 
interference between the lakes).   
 
Townley (1992) defined the cases of capture regimes (e.g., discharge or 
recharge lake to the unconfined aquifer) for some of the lakes on the Swan 
Coastal Plain (in and around the Perth area), and how these relate to the length 
and width of the lake in regards to the depth of the unconfined aquifer.  The 
FlowThru study also used estimates of the capture zones of lakes from the use 
of isotope and hydrogeochemical tracers in the form of the concentrations of 
oxygen-18 and deuterium in the up-gradient groundwater, lake water and 
down-gradient groundwater. 
 
The model appears to be a useful tool in estimating the capture zones 
associated with a lake embedded in a groundwater environment although it has 
its limitations with respect to surface flows and water quality. 
 
Lake models 
 
Lake models have not been reviewed as part of this study as the focus was on 
the catchments and how land uses may have an effect on the nutrients entering 
a water body.  Whilst the attractive attributes of these types of models is the 
actual nutrient and water balance dynamics that occur within a lake and would 
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be applicable for a portion of the Beeliar Lakes system, the overall catchment 
needs to be simulated.  
 
Summary 
There are a number of models that are available that can assist in the analysis 
of water quantity and quality in a water body and there is also a number that 
appear to be able to simulate the dynamics associated with groundwater and 
surface water.  These models have some limitations in their ability to 
adequately combine all of the factors required to simulate the type of 
environment associated with the Beeliar Lakes and its catchment.  It is 
recognised that this is a complex type of environment and whilst it is 
considered to be rare, it is however unlikely that it is unique.   
 
4.5.  Chapter summary 
This chapter presented information relating to the limited amount of 
groundwater, surface water and lake data that was available and the statistical 
methods that will be used to analyse the data.  The methodology used to 
determine the groundwater capture zones for the lake was also presented.  This 
included utilisation of the groundwater chloride concentrations to assist with 
the vertical groundwater component and the monthly water levels in the 
groundwater bores over a 26 year period to assist with the horizontal 
component. 
 
The chapter also provided a review of potentially suitable computer models 
that may have been able to assist with the simulation of the Beeliar Lakes.  
This review concluded that the models were only able to perform some of 
functions associated with the complex Beeliar Lakes system whilst not being 
able to combine all of the factors perform that were necessary.  
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5. RESULTS 
 
This chapter presents the results of the data analysis that has been undertaken on 
the groundwater capture zones for the lakes, the nutrient concentrations 
associated with the groundwater, the volumes and nutrient concentrations in the 
surface water and the relationships that these elements have with the lake’s water 
column and sediment nutrient concentrations.  The chapter consists of four parts, 
as described below, and also includes a discussion associated with each of these 
parts, which are; 
• Groundwater (quality) 
• Lake Data (water column quality), 
• Lake Data (sediments quality), 
• Surface Water (quantity and quality). 
 
5.1. Groundwater data analysis overview 
Water entering the Lakes can be via a surface or groundwater path.  To estimate 
the proportion of contribution to the Lakes’ water and nutrient balance from 
these two sources, an assessment of the groundwater’s quality and characteristics 
is required.  The groundwater capture zones for each of the lakes also need to be 
established in order to determine the area of groundwater that contributes water 
and nutrients to the lakes.  Data from the early 1970’s from about 70 
groundwater bores has been utilised to assist with the data analysis.  The 
following sections present the lake capture zones, trending information 
associated with nitrogen and phosphorus in the groundwater and statistical 
summaries (period of data, analyte, mean, skewness, long term trend. etc).  
 
5.1.1. Lake capture zones 
 
Horizontal groundwater component 
 
Details provided earlier in this thesis stated that the regional groundwater flow 
from the top of the Jandakot Mound is in a westerly direction.  The method of 
determining any variation in the horizontal component of the lake capture zones 
on an intra and inter year basis was also presented earlier.  These results are 
presented in Figure 5.1-1 and conclude that the capture zones for all of the 
Beeliar Lakes did not vary to any significant degree, irrespective of the time of 
year or annual rainfall volume.  It is suggested the reasons for this is due to the 
sharp hydraulic gradient immediately downstream of the Lakes, and the 
evaporation from the Lakes that dominates the groundwater direction and 
movement. 
 
Vertical groundwater component 
 
As for the horizontal groundwater component, the methodology was presented 
earlier in his document.  The results for the vertical section details for each of the 
lakes are presented in Figures 5.1-2 to 5.1-8.  These figures indicate that the 
 68
‘new’ water in the aquifer, or water that has not been subject to concentration of 
chloride via evaporation or recirculation through irrigation usage, has a chloride 
reading less than 80mg/L chloride.   
 
 
Figure 5.1-1 Lake Capture Zones – Horizontal Component 
 
Also, the chloride readings in the groundwater downstream of the upstream edge 
of a lake provide an indication that recharge from the lake to the aquifer occurs.  
Further, there is a variation in chloride concentration beneath Thomson Lake as 
the majority of the results were taken during August and September.  This 
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implies that there may be areas beneath the Lake that may be more prone to 
recharging to the superficial aquifer than other areas.  For example, the reading 
of 61mg/L is surrounded by values of 314mg/L and 635mg/L.  Thomson Lake 
also appears to discharge more from the banks and from the downstream ‘third’ 
of the Lake than other areas.  These aspects are to be expected given the regional 
groundwater flow direction (refer Figure 2.1-2). Thomson Lake also appears to 
recharge to the aquifer which implies that upstream water is all passing through 
the Lake.  The generalised geological cross section was presented in 
Figure 2.1-3. 
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Figure 5.1-2 Thomsons Lake and groundwater chloride concentrations (to the top of the 
catchment) 
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Figure 5.1-3 Thomsons Lake and groundwater chloride concentrations (in the immediate 
lake area) 
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Due to the low chloride concentrations on the downstream side of Bibra Lake, 
this implies that some of the groundwater is bypassing the Lake. 
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Figure 5.1-4 Bibra Lake groundwater chloride readings (1) 
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Figure 5.1-5 Bibra Lake groundwater chloride readings (2) 
 
 71
Chloride Readings (3) - Bibra Lake
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Figure 5.1-6 Bibra Lake groundwater chloride readings (3)  
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Figure 5.1-7 Kogolup Lake (North and South) groundwater chloride readings 
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Figure 5.1-8 Yangebup Lake groundwater chloride readings 
 72
For the groundwater in the Yangebup Lake area, there are high chloride readings 
(i.e., greater than 80 mg/L) that are at distance too far upstream of the Lake to be 
caused by recharge from this lake.  It is suggested these readings are the result of 
irrigation recycling.  This implies that it is likely that there is groundwater that is 
passing below the capture zone of Yangebup Lake; 
 
Discussion 
 
As stated earlier, Townley et al (1992) concluded that for a lake that has a length 
in the direction of the regional flow that is 5 to 10 times the thickness of the 
aquifer, as a rule of thumb, all of the groundwater will flow through the lake.  
These values for the Beeliar Lakes are presented in Table 5.1-1. 
 
Using Townley et al (1992) and the information presented above, under certain 
conditions, all of the superficial aquifer flows through the various Lakes, 
particularly Thomsons Lake and Yangebup Lake.  Figures 5.1-2 to 5.1-8 support 
this assumption given the high chloride readings at the downstream end of 
Thomsons Lake for the full depth of the superficial aquifer. 
 
Table 5.1-1 Lake lengths and groundwater aquifer thickness 
Lake Aquifer 
Thickness 
(m) 
Length # (m) Length / Aquifer 
Thickness Ratio 
  (Low 
water)  
(High 
water) 
(Low 
water)  
(High 
water) 
Thomsons 30 800 (11.8)* 1800 (13.8) 26 60 
Kogolup 33 50 (13.8) 1200 (15.0) 1.5 15 
Yangebup 33 300 (13.6) 1000 (16.0) 9 30 
Bibra 32 50 (13.1) 1800 (15.0) 1.5 30 
* 11.8 m AHD water level in the Lake 
 
However for Bibra Lake, the chloride readings at sites at the downstream side of 
the Lake indicate that there is groundwater that is not passing through the lake, 
as presented in Figures 5.1-4 to 5.1-6.  That is, the groundwater chloride 
concentration at these sites is relatively low (less than 150 mg/L) whereas 
readings greater than 250 mg/L and up to 2000 mg/L are experienced at all 
downstream sites for all of the Lakes.  On this basis, this indicates that 
approximately the lowest third of the superficial aquifer groundwater has not 
been subject to chloride concentration via evaporation.  The implication of this is 
that the capture zone for Bibra Lake is likely to not extend to the top of the 
Jandakot Mound.  This finding supports the work by Townley et al (1992) 
 
There are also areas immediately below Thomsons Lake where low chloride 
readings are in the close proximity of high chloride readings.  This suggests that 
the water flowing into and out of the Lake does not occur across the entire bed of 
the Lake, which is likely to be due to differences in the pervious nature of the 
Lake sediments.  It also suggests that there are lenses of water that flow directly 
beneath the lake but do not enter it.  Based on the information presented above, a 
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conclusion can be drawn that the assumptions by Cargeeg et al (1987) and 
Dames & Moore (1996) may be correct under certain conditions.  These 
conditions would be during the rainfall period (i.e., winter) when the levels in the 
groundwater and the lakes are high, but perhaps not valid when these levels are 
low. 
 
5.1.2. Phosphorus in the groundwater 
 
As not all of the 70 bores had phosphorus data, assessment of the relevant bores 
was undertaken to determine the spatial extent and variation of concentration 
across the study area catchment.  As indicated earlier, phosphorus is readily 
adsorbed to the soil surface and the degree to which this occurs is largely 
dependent upon the pH conditions.  At low pH, phosphate can be released from 
the calcium and iron particles present in the subsoil back into the groundwater.  
Figure 5.1-16 indicates the pH is moderately uniform across the catchment and 
the vast majority of bores have pH values that are around or below 7.0.  These 
results indicate that the phosphorus appears to not be released readily into the 
groundwater.   
  
With regards to actual phosphorus concentrations in the bores, Figure 5.1-9 to 
5.1-14 were constructed.  Using the median values for each bore and the location 
of these bores, Figure 5.1-15 provides a spatial view of the data.  Whilst some of 
these bores show particular traits, the majority indicate a constant phosphorus 
concentration of around 0.1mg/L.  (Note:  There is a change in the vertical scale 
for some of the latter plots).  That is, there are very little indications of an overall 
increase in phosphorus across the catchment over the 20-year period from 1979 
to 1999.  The statistical data associated with these graphs are presented in 
Table 5.1-30. 
 
 
Figure 5.1-9 Groundwater bore total phosphorus concentration (mg/L) 
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Figure 5.1-10 Groundwater bore total phosphorus concentration (mg/L)  
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Figure 5.1-11 Groundwater bore total phosphorus concentration (mg/L) 
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Figure 5.1-12   Groundwater bore total phosphorus concentration (mg/L)  
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Figure 5.1-13   Groundwater bore total phosphorus concentration (mg/L)  
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Figure 5.1-14   Groundwater bore total phosphorus concentration (mg/L)  
 
DATE
07-JAN-1999
07-APR-1998
08-OCT-1997
07-APR-1997
30-OCT-1996
15-FEB-1996
19-SEP-1995
21-APR-1995
14-FEB-1995
04-OCT-1994
27-APR-1994
10-JAN-1994
28-OCT-1992
22-OCT-1991
17-AUG-1990
13-NOV-1989
12-DEC-1988
26-MAY-1983
TM
16
C
1.6
1.4
1.2
1.0
.8
.6
.4
.2
0.0
DATE
07-JAN-1999
07-APR-1998
08-OCT-1997
07-APR-1997
30-OCT-1996
15-FEB-1996
19-SEP-1995
21-APR-1995
14-FEB-1995
04-OCT-1994
27-APR-1994
10-JAN-1994
28-OCT-1992
22-OCT-1991
17-AUG-1990
13-NOV-1989
12-DEC-1988
26-MAY-1983
TD
36
1.2
1.0
.8
.6
.4
.2
0.0
DATE
07-JAN-1999
07-APR-1998
08-OCT-1997
07-APR-1997
30-OCT-1996
15-FEB-1996
19-SEP-1995
21-APR-1995
14-FEB-1995
04-OCT-1994
27-APR-1994
10-JAN-1994
28-OCT-1992
22-OCT-1991
17-AUG-1990
13-NOV-1989
12-DEC-1988
26-MAY-1983
J9
0
.50
.40
.30
.20
.10
0.00
DATE
07-JAN-1999
07-APR-1998
08-OCT-1997
07-APR-1997
30-OCT-1996
15-FEB-1996
19-SEP-1995
21-APR-1995
14-FEB-1995
04-OCT-1994
27-APR-1994
10-JAN-1994
28-OCT-1992
22-OCT-1991
17-AUG-1990
13-NOV-1989
12-DEC-1988
26-MAY-1983
J3
60
.5
.4
.3
.2
.1
0.0
DATE
07-JAN-1999
07-APR-1998
08-OCT-1997
07-APR-1997
30-OCT-1996
15-FEB-1996
19-SEP-1995
21-APR-1995
14-FEB-1995
04-OCT-1994
27-APR-1994
10-JAN-1994
28-OCT-1992
22-OCT-1991
17-AUG-1990
13-NOV-1989
12-DEC-1988
26-MAY-1983
TD
35
.5
.4
.3
.2
.1
0.0
DATE
07-JAN-1999
07-APR-1998
08-OCT-1997
07-APR-1997
30-OCT-1996
15-FEB-1996
19-SEP-1995
21-APR-1995
14-FEB-1995
04-OCT-1994
27-APR-1994
10-JAN-1994
28-OCT-1992
22-OCT-1991
17-AUG-1990
13-NOV-1989
12-DEC-1988
26-MAY-1983
JM
25
.50
.40
.30
.20
.10
0.00
DATE
07-JAN-1999
07-APR-1998
08-OCT-1997
07-APR-1997
30-OCT-1996
15-FEB-1996
19-SEP-1995
21-APR-1995
14-FEB-1995
04-OCT-1994
27-APR-1994
10-JAN-1994
28-OCT-1992
22-OCT-1991
17-AUG-1990
13-NOV-1989
12-DEC-1988
26-MAY-1983
JE
14
C
.50
.40
.30
.20
.10
0.00
DATE
07-JAN-1999
07-APR-1998
08-OCT-1997
07-APR-1997
30-OCT-1996
15-FEB-1996
19-SEP-1995
21-APR-1995
14-FEB-1995
04-OCT-1994
27-APR-1994
10-JAN-1994
28-OCT-1992
22-OCT-1991
17-AUG-1990
13-NOV-1989
12-DEC-1988
26-MAY-1983
TD
34
.8
.7
.6
.5
.4
.3
.2
 79
 
Figure 5.1-15 Phosphorus readings across the Beeliar Lakes catchment 
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Figure 5.1-16 pH Readings across the Beeliar Lakes catchment  
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5.1.3. Nitrogen in the groundwater 
 
A similar assessment to that undertaken for the groundwater bores that had 
recorded phosphorus data were made for those that had total nitrogen data.  
Figure 5.1-17 to 5.1-24 present details of a review of the groundwater bores 
containing total nitrogen data results.  These figures indicate a similar uniform 
contribution to groundwater as did the phosphorus data.  (Note:  There is a 
change in the vertical scale for some of the latter plots).  The total nitrogen 
concentration is these bores show a constant concentration over the monitoring 
period.  This finding is of significance as there has been changes in the land 
development in the catchment from predominantly rural to a high proportion of 
urban. 
 
On this basis, Figures 5.1-25 to 5.1-27 were created using the median nitrogen 
values. 
 
Figure 5.1-17  Groundwater bores total nitrogen concentration (scale 0.2 mg/L) 
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Figure 5.1-18  Groundwater bores total nitrogen concentration (scale 0.2 mg/L) 
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Figure 5.1-19  Groundwater bores total nitrogen concentration (scale 0.2 mg/L) 
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Figure 5.1-20  Groundwater bores total nitrogen concentration (scale 0.2 mg/L) 
 
 
 
Figure 5.1-21  Groundwater bores total nitrogen concentration (0.5 mg/L) 
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Figure 5.1-22  Groundwater bores total nitrogen concentration (scale 0.5 mg/L) 
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Figure 5.1-23  Groundwater bores total nitrogen concentration (scale 1.0 mg/L) 
 
 
 
Figure 5.1-24  Groundwater bores total nitrogen concentration (mg/L) – scale 2.0 mg/L 
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Figure 5.1-25 Total Nitrogen in the catchment 
 88
Figure 5.1-26 Total Organic Nitrogen in the catchment  
 89
 
 
 
 
Figure 5.1-27 Total Nitrate + Nitrite in the catchment  
 
 90
5.1.4. Groundwater nutrient summary 
 
Data collected since the early 1970's from about 70 groundwater bores have been 
assessed to determine the lake capture zones and the total nitrogen and total 
phosphorus concentrations in the groundwater.  The lake capture zones were 
determined via the use of studies by others (Townley et al 1992) and the 
groundwater levels and chloride readings in the bores. 
 
A number of conclusions may be drawn from these figures including; 
• The lake groundwater capture zones does not vary on an intra-year and 
inter-year basis 
• The total nitrogen concentration in the groundwater is approximately 
0.1 mg/L across the majority of the catchments whereas the concentration in 
the lakes has average readings of at least 3.0 mg/L.  That is, there are 2 orders 
of magnitude less in the total nitrogen and organic nitrogen for the 
groundwater monitoring bores when compared to the lakes and this has not 
changed over the monitoring period; 
• The groundwater bores that have the highest recorded total nitrogen readings 
across the catchment are all contained within the Thomson Lake 
subcatchment whilst Thomson Lake has the lowest total nitrogen reading for 
all the lakes; 
• Organic nitrogen is the dominant form of nitrogen in the lakes, which is 
consistent with findings by (Davis 1993); 
• Phosphorus in the (majority of the) groundwater has a consistent 
concentration of around 0.1 mg/L and has not changed over the monitoring 
period. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SITE Period Data ALKAL As (sol) B (tot) Ca CDO Cl CO2 CO3 Colour Cu Cr F Fe (sol) Fe (tot) Hardness HCO3 K Mg Mn Na NH3NH4 N (Kjeld) NO2 NO3NO2 NO3 (N org) N (tot) Pb pH P (tot) PO4 SIO2 SO4 Temp TSS TURB Zn
AM46 Jun-78 N 4 2 3 4 4 3 6 4 3 4 4 4 4 4 3 2 6 3 4 4 3 4
Jul-93 Mean 167.5 0.010 0.283 19.8 780.0 20.67 5.00 0.300 0.137 105.89 172.750 18.000 35.500 367.00 0.021 0.010 9.15 0.010 17.000 46.25 1611.000 36.57
Std. Deviat 19.4 0.000 0.021 7.9 14.9 20.11 0.00 0.000 0.125 30.33 62.713 0.816 15.927 102.56 0.025 0.000 1.02 0.000 4.690 4.92 71.337 68.96
Skewness 1.014 0.000 1.225 1.014 1.014 1.225 0.000 0.000 1.225 1.014 1.014 1.014 1.014 1.014 1.225 0.000 0.845 0.000 1.014 1.014 1.225 1.014
Trend C C C C C I C C C C SD C D D D C D C C C C D
AM46A Jun-78 N 4 2 3 4 4 3 5 4 3 4 4 4 4 2 4 2 4 2 5 3 4 4 3 4
Jul-93 Mean 153.2 0.015 0.090 41.5 309.3 2.00 23.20 0.100 2.833 186.96 186.750 10.250 39.500 0.045 253.75 2.320 0.017 0.010 8.02 0.057 35.000 5.25 794.000 26.65
Std. Deviat 4.5 0.007 0.010 2.6 5.9 0.00 29.94 0.000 1.258 7.11 5.560 0.500 33.000 0.007 163.74 2.376 0.031 0.000 1.90 0.072 2.708 1.26 9.849 15.31
Skewness 1.014 0.000 1.225 1.014 1.014 0.000 0.913 0.000 1.225 1.014 1.014 1.014 1.014 0.000 1.014 0.000 1.014 0.000 0.913 1.225 1.014 1.014 1.225 1.014
Trend C C SI SD C C D C I C C C I C D I D C D I C C C D
AM46B Jun-78 N 2 2 2 2 2 4 2 2 2 2 2 2 2 2 2 2 4 2 2 3
Jul-93 Mean 188.1 0.085 69.5 221.5 2.00 34.25 0.100 9.650 241.41 229.500 7.000 5.000 0.025 35.50 0.355 0.013 8.10 27.000 5.50 46.00
Std. Deviat 4.3 0.021 0.7 2.1 0.00 32.44 0.000 3.323 4.82 4.950 0.000 0.000 0.007 26.16 0.078 0.004 2.14 1.414 3.54 20.30
Skewness 0.000 0.000 1.014 0.000 0.000 1.014 0.000 0.000 1.225
Trend C C C C C I C C C C C C C C C C D C C D
BM2C Sep-84 N 2 3 2 2 3
Mar-94 Mean 320 65.7 0.065 1.500 7.15
Median 70.0
Std. Deviation 198 12.1 0.064 0.707 0.654
Skewness 0.000 -1.405 0.000 0.000 1.630
Kurtosis
Trend D C C C
Normality 0.90
BM5C Sep-84 N 2 2
Mar-94 Mean 309.0 6.10
Median
Std. Deviation 369.1 0.283
Skewness 0.000 0.000
Trend
Normality
J240 Dec-89 N 8 8 8 8 4 6 8 8 8 8 8 4 8 8 8 7 8 7 8 8 8 7 8 8 8 8
Aug-98 Mean 67.9 5.693 0.487 120.1 0.009 0.168 0.774 245.1 4.227 4.2 18.3 0.027 117.9 0.519 0.849 0.008 0.013 0.009 0.330 0.861 7.4 0.155 14.513 21.0 741.6 0.400
Median 69.1 5.560 0.510 125.5 246.5 4.440 4.0 17.8 115.5 0.512 0.872 0.006 0.013 0.008 0.368 0.883 7.3 0.155 14.800 728.0 0.400
Std. Deviation 5.5 1.001 0.276 11.7 0.004 0.031 1.013 19.1 0.889 0.7 2.1 0.011 9.2 0.074 0.078 0.005 0.007 0.006 0.139 0.075 0.3 0.040 1.301 0.2 77.8 0.141
Skewness -1.340 0.885 0.398 -1.373 1.007 2.118 2.822 0.227 -2.457 1.442 1.684 1.468 1.063 0.324 -2.683 0.761 0.063 0.329 -1.905 -2.663 1.483 -0.795 -1.587 0.541 1.093 0.404
Kurtosis 2.140 -0.270 0.006 1.128 1.547
Trend C C C SI D C I C C C C SI C C I SI C SSI C SI SD C SSD I
Normality 0.9 0.892 0.958 0.8 0.952 0.619 0.9 0.8 0.9 0.948 0.576 0.811 0.939 0.922 0.806 0.586 0.9 0.960 0.851 0.9 0.897
J250 Dec-89 N 9 9 8 8 4 7 3 9 8 9 9 3 9 8 8 8 8 8 8 8 8 7 9 8 9 8
Aug-98 Mean 90.1 10.403 0.470 340.8 0.008 0.164 0.028 324.9 4.858 4.0 24.3 0.017 200.3 0.560 1.515 0.009 0.027 0.019 0.956 1.542 7.4 0.268 13.911 20.8 1125.3 0.938
Median 91.7 10.240 0.470 378.0 327.1 4.880 3.9 24.1 199.0 0.587 1.508 0.010 0.018 0.010 0.976 1.529 7.4 0.192 14.200 1115.0 0.800
Std. Deviation 6.6 0.884 0.185 89.6 0.006 0.042 0.027 23.7 0.179 0.5 2.2 0.005 12.7 0.064 0.083 0.006 0.022 0.018 0.095 0.085 0.1 0.182 1.081 0.3 34.7 0.441
Skewness 0.416 1.570 1.418 -1.352 1.749 0.763 1.513 0.793 -0.455 1.536 0.889 1.652 0.958 -1.167 0.535 -0.083 1.570 1.662 -0.239 0.092 -0.745 2.526 -0.495 1.819 0.705 2.538
-1.040 2.723 2.685 0.033
Trend C C C SI D I C C C SD C D C C D D D C C C I C SSD D
Normality 0.9 0.848 0.852 0.7 0.9 0.935 0.8 0.9 0.9 0.802 0.904 0.797 0.771 0.757 0.860 0.930 0.9 0.592 0.869 0.9 0.634
J270 Dec-89 N 12 12 12 12 6 12 12 12 12 12 4 12 12 12 9 12 9 11 12 12 12 12 12 12 12
Aug-98 Mean 70.4 2.796 0.381 51.5 0.142 0.449 210.6 3.539 4.3 8.5 0.017 52.5 0.213 0.426 0.005 0.017 0.017 0.253 0.440 7.4 0.124 13.725 20.5 499.8 0.275
Median 69.2 2.850 0.290 59.5 209.0 3.690 4.4 8.8 52.7 0.223 0.423 0.004 0.009 0.010 0.273 0.426 7.4 0.121 14.100 510.5 0.200
Std. Deviation 14.3 0.365 0.285 19.4 0.079 0.408 42.3 0.641 0.6 1.7 0.003 7.4 0.086 0.141 0.003 0.017 0.017 0.094 0.139 0.2 0.008 1.348 0.2 84.3 0.154
Skewness -0.648 -0.691 2.254 -0.519 1.655 2.861 -0.874 -1.716 -2.256 -1.873 -1.414 -0.493 -1.141 -0.049 1.347 1.409 1.130 -0.996 0.023 -0.713 1.029 -1.270 0.967 -0.946 1.032
0.573 0.502 5.626 -1.212
Trend SI C C SI D I SI C C C C I I I I I I I C SSI C SSI I
Normality 0.9 0.948 0.725 0.9 0.9 0.791 0.8 0.8 0.9 0.897 0.840 0.885 0.792 0.822 0.914 0.875 0.9 0.905 0.849 0.9 0.873
J310 Apr-73 N 4 5 2 2 3 3 2 6 3 5
Nov-91 Mean 54.7 380.0 1.790 0.160 34.0 0.363 0.006 5.63 22.0 21.44
Median 59.5 440.0
Std. Deviation 24.0 134.3 1.711 0.000 0.0 0.167 0.006 1.13 0.1 43.92
Skewness 1.014 -0.485 0.000 0.000 0.000 1.225 0.000 0.845 1.225 0.913
Trend C C D C N SI C C C D
J320 Aug-92 N 9 10 9 9 6 7 7 9 9 10 10
Jan-99 Mean 1.323 22.8 0.126 0.110 0.031 0.015 0.004 0.077 0.124 5.77 116.270
Median 1.293 20.0 0.125 0.109 0.029 0.005 0.004 0.060 0.124 5.67
Std. Deviation 0.108 14.4 0.053 0.049 0.019 0.020 0.003 0.056 0.050 0.31 164.332
Skewness 0.751 0.754 1.374 1.785 -0.073 1.548 0.895 1.844 1.543 0.309 2.049
Trend D C I D I I I D C I
Normality 0.88 0.94 0.87 0.81 0.93 0.76 0.90 0.80 0.85 0.93
J360 Mar-93 N 14 14 14 3 14 5 14 14 14 14 14 5 14 12 13 7 11 8 13 13 2 14 13 14 14 14 14
Apr-99 Mean 56.1 3.0 0.161 0.01 41.57 0.102 0.170 171.96 2.750 3.666 7.767 0.012 56.52 0.122 0.250 0.004 8.491 0.007 0.144 0.257 0.002 7.67 0.140 13.607 20.09 437.429 0.29
Median 57.1 3.4 0.114 37.50 0.180 177.50 2.590 3.565 8.450 64.80 0.127 0.266 0.004 8.500 0.006 0.139 0.266 7.72 0.113 13.850 20.05 441.000 0.30
Std. Deviation 7.5 0.9 0.113 0.00 29.58 0.033 0.057 24.09 0.350 0.420 1.398 0.001 16.28 0.081 0.109 0.003 5.371 0.005 0.100 0.111 0.000 0.25 0.101 1.189 0.25 78.072 0.11
Skewness -0.323 -1.104 1.137 1.732 0.677 -0.088 -0.162 -0.429 0.345 0.152 -0.599 -1.361 -0.824 0.647 -0.070 2.016 1.564 1.838 0.512 -0.091 0.000 -0.285 3.518 -1.509 0.687 -0.407 0.322
Trend I I I I I I I I C I I C I I I I I N I I C C SD I I I
Normality 1.0 0.8 0.853 0.91 0.930 0.94 0.880 0.964 0.827 0.84 0.933 0.961 0.775 0.838 0.814 0.940 0.957 0.925 0.421 0.873 0.92 0.915 0.93
J370 Mar-93 N 15 15 14 14 6 15 15 14 15 15 5 15 12 14 5 10 8 14 14 14 14 15 14 15 14
Apr-99 Mean 66.8 1.2 0.339 8.07 0.128 0.404 194.46 3.327 2.603 6.731 0.017 25.48 0.082 0.157 0.004 12.630 0.007 0.087 0.166 7.42 0.112 9.560 20.36 383.800 0.21
Median 64.9 1.2 0.281 8.00 0.402 190.40 3.360 2.470 6.600 25.30 0.081 0.159 0.003 4.450 0.004 0.081 0.166 7.44 0.110 9.800 20.30 379.000 0.15
Std. Deviation 7.2 0.1 0.204 3.05 0.076 0.048 20.07 0.272 0.348 0.603 0.001 2.32 0.043 0.040 0.002 17.867 0.009 0.043 0.037 0.26 0.021 1.069 0.18 30.202 0.18
Skewness 0.398 -0.563 0.633 -0.743 2.167 0.499 0.404 0.013 0.364 0.768 2.236 -0.192 -0.132 -0.496 1.880 2.215 2.671 1.353 -0.214 -0.091 2.095 -1.156 0.537 0.031 2.000
Trend I I I C I I I C I I C I I I I I N I I C SD I I I
Normality 0.9 0.9 0.878 0.94 0.936 0.94 0.925 0.931 0.932 0.96 0.965 0.945 0.746 0.627 0.574 0.852 0.969 0.945 0.668 0.839 0.93 0.942 0.69
J380 Aug-92 N 8 8 7 9 7 8 8 9 9 9 8
Jan-99 Mean 1.340 2.7 0.129 0.050 0.021 0.091 0.003 0.033 0.132 6.43 0.300
Median 1.332 2.0 0.119 0.053 0.020 0.085 0.003 0.034 0.126 6.40
Std. Deviation 0.092 1.8 0.055 0.012 0.013 0.032 0.002 0.018 0.040 0.34 0.233
Skewness 0.357 1.074 -0.215 -0.545 0.659 1.752 1.927 0.094 -0.398 0.151 0.271
Trend I C I C I I I SI C I
Normality 0.98 0.89 0.97 0.94 0.98 0.82 0.77 0.93 0.94 0.98
J390 Aug-92 N 13 14 14 14 10 11 8 14 14 13 13
Jan-99 Mean 1.850 37.9 0.352 0.337 0.162 0.021 0.003 0.177 0.351 6.76 10.892
Median 1.863 37.5 0.344 0.339 0.183 0.005 0.003 0.169 0.344 6.75
Std. Deviation 0.111 7.1 0.033 0.027 0.085 0.024 0.002 0.068 0.033 0.25 6.873
Skewness 0.141 0.830 0.107 0.597 -0.416 1.078 1.718 0.611 0.088 0.138 0.167
Trend D C I C I I I SD C I
Normality 0.99 0.91 0.95 0.96 0.96 0.75 0.82 0.96 0.94 0.99
J400 Aug-92 N 8 10 9 9 6 5 6 9 9 9 9
Jan-99 Mean 1.626 19.3 0.306 0.287 0.205 0.018 0.003 0.106 0.301 7.31 1.900
Median 1.642 19.0 0.319 0.294 0.194 0.015 0.003 0.112 0.319 7.39
Std. Deviation 0.086 4.30 0.034 0.033 0.031 0.017 0.001 0.034 0.036 0.37 1.535
Skewness -0.139 1.926 -1.725 -1.238 1.784 1.244 0.804 -0.781 -1.157 -0.411 0.147
Trend D C I C I I I I C I
Normality 0.96 0.79 0.83 0.86 0.80 0.87 0.96 0.95 0.84 0.97
J410 Aug-92 N 16 15 12 13 6 10 2 13 13 14 12
Jan-99 Mean 1.423 11.8 0.174 0.163 0.085 0.007 0.003 0.096 0.167 7.32 18.492
Median 1.422 11.0 0.189 0.179 0.080 0.004 0.003 0.099 0.183 7.39
Std. Deviation 0.088 6.03 0.046 0.046 0.070 0.006 0.000 0.038 0.046 0.26 27.737
Skewness 0.357 -0.130 -1.090 -0.792 0.331 1.548 -0.336 -0.672 -0.981 1.943
Trend I C I SI I I C D C I
Normality 0.98 0.96 0.92 0.93 0.99 0.80 0.96 0.93 0.93
Table 5.1-2  Groundwater bores water descriptive statistics Trend - Time Series Analysis - C - constant - SD Slight Decrease - SI Slight Increase
SITE Period Data ALKAL As (sol) B (tot) Ca CDO Cl CO2 CO3 Colour Cu Cr F Fe (sol) Fe (tot) Hardness HCO3 K Mg Mn Na NH3NH4 N (Kjeld) NO2 NO3NO2 NO3 (N org) N (tot) Pb pH P (tot) PO4 SIO2 SO4 Temp TSS TURB Zn
JM1 Mar-79 N 2 2 2 2 2 2 2 2 2
Oct-92 Mean 51 17.5 0.080 0.187 0.001 0.300 0.488 5.50 0.040
Std. Deviation 8.485 17.7 0.058 0.030 0.001 0.107 0.137 0.42 0.042
Skewness 0.000 0.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Trend C C I C C D D C
JM12 Mar-79 N 4 5 4 4 3 4 3 5 2 4
Oct-92 Mean 53.07 44.8 0.145 0.477 0.012 0.243 0.741 5.55 0.015 21.125
Median 0.036
Std. Deviation 11.34 48.1 0.082 0.178 0.011 0.433 0.504 0.44 0.007 0.250
Skewness 1.52 2.1 1.014 1.014 1.225 1.993 1.225 0.713 0.000 2.000
Trend C C C I C I I C
JM13 Mar-79 N 4 6 3 2 5 3 2 4 2 6 2 5 2 6
Apr-93 Mean 88.3 150.2 0.337 0.140 87.4 0.537 0.050 0.010 0.008 5.69 0.175 22.2 278.500 2.85
Median 87.0 134.5
Std. Deviation 10.3 44.3 0.319 0.000 58.2 0.320 0.014 0.018 0.003 0.40 0.092 0.9 21.920 3.55
Skewness 1.014 0.845 1.225 0.000 0.913 1.225 0.000 2.000 0.000 0.845 0.000 0.913 0.000 0.845
Trend C SD SD C C C C C D I C D C D
Normality 0.9
JM17 Feb-87 N 3 4 2 3 2 4 4 4
Sep-92 Mean 67.5 614.8 0.380 56.7 0.195 4.85 21.2 9.27
Median 501.0
Std. Deviation 13.5 257.7 0.057 18.6 0.120 0.30 0.6 5.41
Skewness 1.225 1.014 0.000 1.225 0.000 1.014 1.014 1.014
Trend C D C C C D C
Normality 0.7
JM18 Mar-79 N 3 3 2 2 3 3 3 3 3 2 2 3
Apr-93 Mean 23.2 330.0 0.620 60.3 0.028 0.383 0.274 0.657 5.44 0.045 83.500 5.83
Median
Std. Deviation 2.5 113.6 0.368 37.3 0.014 0.179 0.469 0.647 0.41 0.049 19.092 4.19
Skewness 1.225 1.225 0.000 0.000 1.225 1.225 1.225 1.225 1.225 0.000 0.000 1.225
Trend C D I C C I C I I C SI C
JM19 Jun-78 N 2 3 3 3 2 2 3 2 3 3 2 3 2 2 2 3 2 3 3 2 2 3
Jul-93 Mean 1.2 3.0 49.0 320.00 0.100 0.355 22.27 1.500 1.880 6.270 0.030 44.93 0.388 1.193 0.012 0.397 1.285 4.53 7.133 16.50 107.500 9.53
Std. Deviat 0.6 1.8 11.2 70.00 0.000 0.021 12.46 0.707 0.827 2.369 0.014 19.12 0.097 1.451 0.015 0.529 1.321 0.25 3.202 2.12 28.991 6.33
Skewness 0.000 1.225 1.225 1.225 0.000 0.000 1.225 0.000 1.225 1.225 0.000 1.225 0.000 0.000 0.000 1.225 0.000 1.225 1.225 0.000 0.000 1.225
Trend C C C D C C I C C I D C D C C I I SD I C C C
JM25 Mar-79 N 2 2 2 2 2 3 3 3 2 2 2 2 2 5 2 5 7 5 7 7 5 4 16 8 5 2 2 13 2 3 2
Oct-92 Mean 88.579 0.006 54.0 362.500 1.000 95.0 0.014 0.003 0.100 0.530 272.8 108.000 3.5 382.0 0.035 2884.6 0.507 1.381 0.006 0.012 1.392 0.005 6.3 0.054 0.039 11.500 33.000 19.2 773.5 89.533 0.020
Median 6.3 0.051
Std. Deviat 10.439 0.006 8.5 7.778 1.414 43.6 0.011 0.001 0.000 0.184 18.3 12.728 0.7 344.4 0.021 2598.6 0.125 0.464 0.006 0.007 0.461 0.004 0.2 0.013 0.010 0.707 7.071 1.3 12.0 72.803 0.000
Skewness 0.000 0.000 0.000 0.000 0.000 1.225 1.225 1.225 0.000 0.000 0.000 0.000 0.000 0.913 0.000 0.913 0.794 0.913 0.794 0.794 0.913 1.014 -0.068 1.108 0.913 0.000 0.000 0.616 0.000 1.225 0.000
Trend C C C C C SD C SD C C C SI C I I C C C C D C I C C C C D C
Normality 0.9 0.904
JM26 Mar-79 N 3 3 3 2 3 3 3 3 2 3 2 2 2 3 2 4 3 3 3 2 2 3
Oct-92 Mean 64.043 26.5 22.686 1.000 99.3 0.100 0.340 82.8 77.500 1.1 7.2 31.9 0.061 0.533 0.007 1.006 0.792 6.4 9.200 12.500 177.0 7.200
Std. Deviat 2.212 3.0 8.616 1.414 26.9 0.000 0.271 11.3 3.536 0.2 7.5 29.8 0.046 0.110 0.002 0.932 0.551 0.3 1.058 6.364 1.4 4.187
Skewness 1.225 1.225 1.225 0.000 1.225 0.000 1.225 1.225 0.000 1.225 0.000 0.000 0.000 1.225 0.000 1.014 1.225 1.225 1.225 0.000 0.000 1.225
Trend C C C C C C C C C C C I C C I I SSI C C C
JM28 Mar-79 N 4 4 4 2 5 2 2 2 4 2 4 4 4 5 3 3 3 2 5
Oct-92 Mean 39.312 13.3 53.053 1.000 1191.0 0.100 0.225 0.138 58.7 59.500 10.1 15.0 149.5 5.9 14.033 33.559 20.9 241.0 7.900
Std. Deviat 11.384 2.0 15.453 1.414 921.6 0.000 0.177 0.060 12.7 6.364 3.9 9.6 147.4 0.2 1.704 3.152 0.2 24.0 11.281
Skewness 1.014 1.014 1.014 0.000 0.913 0.000 0.000 0.000 1.014 0.000 1.014 1.014 1.014 0.913 1.225 1.225 1.225 0.000 0.913
Trend C C C C D C C C C SI C C C C C C
JM29 Mar-79 N 3 3 3 2 3 3 2 3 2 3 3 3 3 3 3 3 2 2 3
Oct-92 Mean 7.642 8.9 127.256 1.000 905.0 0.100 1.095 70.5 1.500 4.2 6.3 0.043 47.7 0.190 4.6 12.833 25.500 262.0 5.400
Std. Deviat 11.174 1.0 60.809 1.414 714.9 0.000 0.431 28.8 2.121 1.2 4.0 0.021 30.4 0.156 0.8 2.466 12.021 104.7 1.916
Skewness 1.225 1.225 1.225 0.000 1.225 0.000 0.000 1.225 0.000 1.225 1.225 1.225 1.225 1.225 1.225 1.225 0.000 0.000 1.225
Trend C C C C D C C C SI C SD I I SI C C C
JM45 Mar-79 N 2 2
Oct-92 Mean 0.001 0.012
Std. Deviation 0.000 0.015
Skewness 0.000 0.000
Trend C C
JE7A Apr-89 N 2 2 2 2
Apr-89 Mean 512.5 6.5 21.0 68.500
Std. Deviation 17.7 0.2 0.0 88.388
Skewness 0.000 0.000 0.000 0.000
Trend C C C
JE7B Apr-89 N 2 2 2 2
Apr-89 Mean 200.0 5.7 21.0 0.950
Std. Deviation 42.4 0.7 0.0 0.071
Skewness 0.000 0.000 0.000 0.000
Trend C C C
JE7C Dec-89 N 2 4 5 6 4 4 12 8 14 15 8 6 27 13 8 22 3 5
Aug-98 Mean 17.715 181.0 0.005 0.002 350.2 2722.5 0.037 0.697 0.040 1.669 2.509 0.002 5.9 0.013 0.009 20.7 0.767 0.026
Median 0.035 0.686 0.025 1.559 2.150 6.0 0.012
Std. Deviation 5.523 97.2 0.008 0.001 227.7 1789.0 0.026 0.151 0.042 1.203 1.388 0.001 0.36 0.005 0.005 2.1 0.252 0.013
Skewness 0.000 1.014 0.913 0.845 1.014 1.014 1.005 0.972 2.241 0.714 1.193 0.845 -1.635 -0.352 0.752 0.491 1.225 0.913
Trend SD SD C C C I C C C I C C C C C C
Normality 0.900 0.914 0.751 0.942 0.886 0.832 0.950
JE9A Aug-90 N 2 2 2 2 2 2 2 2 2 3 2 2 2
Aug-90 Mean 163.706 51.0 62.682 22.5 151.0 4.0 5.1 39.9 0.718 7.3 0.151 6.107 20.7
Std. Deviat 6.264 4.2 1.864 3.5 12.1 0.0 1.5 9.8 0.000 0.4 0.000 2.979 0.0
Skewness 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.225 0.000 0.000 0.000
Trend C C C C C C C C I C C
JE9B Aug-90 N 2 2 2 2 2 2 2 2 2 3 2 2 2
Aug-90 Mean 148.334 66.6 121.470 37.5 195.4 5.8 13.0 84.0 1.515 7.4 1.194 20.202 20.7
Std. Deviat 5.966 2.1 2.079 24.7 10.3 0.3 4.2 69.3 0.000 0.4 0.000 1.128 0.0
Skewness 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.225 0.000 0.000 0.000
Trend C C C C C C C C I C C
JE9C Dec-89 N 2 2 2 2 4 5 6 2 2 7 2 7 12 12 15 16 3 10 6 28 16 8 2 22 2 5
Aug-98 Mean 0.000 3.6 55.410 35.119 494.5 0.129 0.003 22.5 2.0 201.3 0.075 1781.1 0.412 2.348 0.017 2.171 0.108 4.289 0.002 4.5 0.191 0.156 16.713 20.4 41.950 0.036
Median 0.444 2.377 0.009 0.219 2.309 4.3 0.175
Std. Deviat 0.000 0.6 16.348 0.168 339.5 0.275 0.001 0.2 0.1 302.0 0.049 2199.5 0.263 0.955 0.019 3.168 0.142 3.891 0.000 0.5 0.090 0.078 0.406 3.3 0.071 0.023
Skewness 0.000 0.000 0.000 0.000 1.014 0.913 0.845 0.000 0.000 0.794 0.000 0.794 0.378 -0.035 1.867 1.171 1.225 0.940 0.845 1.142 1.066 0.752 0.000 0.491 0.000 0.913
Trend N C SI C D I SSI C C D I I I C SI I I C I SI I C C I
Normality 0.935 0.957 0.784 0.711 0.746 0.9 0.908
JE11A E Apr-89 N 2 2 2 3 2 2 2 2 3 4 3
Jun-92 Mean 142.839 61.1 278.407 180.3 236.4 4.8 0.295 0.167 7.1 20.1 63.100
Median
Std. Deviat 202.005 81.8 314.315 30.0 277.0 2.0 0.177 0.208 0.1 0.2 66.428
Skewness 0.000 0.000 0.000 1.225 0.000 0.000 0.000 0.000 1.225 1.014 1.225
Trend C C I SD C I D C C C
Normality
JE11C W Apr-89 N 2 2 2 3 2 2 2 2 2 3 4 3
Jun-92 Mean 150.821 60.8 199.407 255.7 247.8 6.3 12.9 117.4 0.120 4.6 20.1 32.133
Median
Std. Deviat 213.292 81.7 163.386 96.3 287.6 2.1 7.2 113.9 0.142 0.1 0.2 50.126
Skewness 0.000 0.000 0.000 1.225 0.000 0.000 0.000 0.000 0.000 1.225 1.014 1.225
Trend C C D SD C D C C C C
Normality
JE14A Aug-90 N 4 4 4 5 4 4 4 2 4 3 3 2 5 5 3 2 2 4
Aug-90 Mean 105.419 50.2 46.929 17.0 151.5 5.2 11.7 0.070 94.0 0.347 0.373 0.030 7.7 0.128 13.000 6.251 20.7 11.550
Median
Std. Deviat 70.093 1.0 8.201 7.8 4.6 0.3 4.2 0.071 63.0 0.217 0.115 0.014 0.6 0.045 4.518 3.183 0.0 14.987
Skewness 1.014 1.014 1.014 0.913 1.014 1.014 1.014 0.000 1.014 1.225 1.225 0.000 0.913 0.913 1.225 0.000 0.000 1.014
Trend SD C C C C C C I D I C C D SSD C C
Normality
Table 5.1-2  Groundwater bores water descriptive statistics Trend - Time Series Analysis - C - constant - SD Slight Decrease - SI Slight Increase
SITE Period Data ALKAL As (sol) B (tot) Ca CDO Cl CO2 CO3 Colour Cu Cr F Fe (sol) Fe (tot) Hardness HCO3 K Mg Mn Na NH3NH4 N (Kjeld) NO2 NO3NO2 NO3 (N org) N (tot) Pb pH P (tot) PO4 SIO2 SO4 Temp TSS TURB Zn
JE14B Aug-90 N 4 4 4 5 4 4 4 2 4 4 4 3 5 5 3 2 2 4
Aug-90 Mean 155.483 55.6 106.973 52.6 188.3 2.3 7.5 0.030 59.8 0.223 1.248 0.033 7.3 0.134 9.200 9.336 20.7 10.150
Std. Deviat 4.527 3.6 9.285 20.2 13.4 0.2 7.6 0.014 67.9 0.267 1.531 0.033 0.7 0.023 4.386 3.303 0.0 12.163
Skewness 1.014 1.014 1.014 0.913 1.014 1.014 1.014 0.000 1.014 1.014 1.014 1.225 0.913 0.913 1.225 0.000 0.000 1.014
Trend C C C C C C C C D D C C C C C SD
JE14C Aug-90 N 4 4 4 5 4 4 3 2 4 4 7 3 4 3 5 5 3 2 2 4
Aug-90 Mean 1.951 2.3 93.772 516.0 27.9 2.0 8.5 0.045 54.0 1.398 4.196 0.027 1.063 4.781 4.6 0.340 8.733 16.997 20.3 19.925
Std. Deviat 1.816 0.4 33.419 240.8 2.5 0.1 3.4 0.007 16.5 1.458 2.831 0.018 2.025 4.081 0.2 0.184 4.051 1.418 0.0 8.557
Skewness 1.014 1.014 1.014 0.913 1.014 1.014 1.225 0.000 1.014 1.014 0.794 1.225 1.014 1.225 0.913 0.913 1.225 0.000 0.000 1.014
Trend C N C SI C C C C I D C C SI SI D C C SD
JE17C Mar-93 N 2 2
Apr-99 Mean 4.95 1.00
Std. Deviation 0.21 0.00
Skewness 0.000 0.000
Trend C C
JE18C Mar-93 N 2 2 2
Apr-99 Mean 40.50 6.65 0.70
Std. Deviation 13.44 0.21 0.42
Skewness 0.000 0.000 0.000
Trend C C C
JE19C Dec-92 N 2 2
Dec-00 Mean 3.9 18.450
Std. Deviation 0.3 14.920
Skewness 0.000 0.000
Trend C C
JE21C Mar-94 N 2 2 2
Mar-94 Mean 140.5 6.78 2.40
Median
Std. Deviation 48.8 0.11 2.12
Skewness 0.000 0.000 0.000
Trend C C C
T21 I N 2 2
Mean 21.0 7.18
Std. Deviation 2.8 0.25
Skewness 0.0 0.000
Trend C
TD29 Mar-94 N 2 2 2
Mar-94 Mean 157.5 7.13 1.45
Median
Std. Deviation 24.7 0.04 0.35
Skewness 0.000 0.000 0.000
Trend C C C
T40 I Apr-73 N 3 3 2 4 2 2 6 2 2 3
Apr-83 Mean 727.0 603.3 6.000 1730.5 0.083 0.015 7.03 0.385 2877.500 5.53
Median
Std. Deviation 155.2 251.5 4.101 1636.8 0.103 0.007 0.27 0.106 607.405 4.23
Skewness 1.225 1.225 0.000 1.014 0.000 0.845 0.000 0.000 1.225
Trend I I C C C I D N I D
T40 O Apr-73 N 2 3 3 4 2
Nov-91 Mean 492.0 2255.0 0.060 7.27 43.50
Median
Std. Deviation 11.3 1862.0 0.098 0.22 43.13
Skewness 0.000 1.225 1.225 1.014 0.000
Trend C C N SI C
T50 I May-73 N 2 2 2 2 2 2 2 2 2
Apr-83 Mean 41 13.5 0.216 1.635 0.017 0.015 1.650 6.30 0.055
Std. Deviation 1.414 4.9 0.065 0.745 0.016 0.009 0.737 0.14 0.064
Skewness 0 0.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Trend C C C C C C D C
T70 I Apr-73 N 3 2 2 3 3 2 3 4 2 2 2 3 3 3 3 2 3 3 2 4 3 3 3 3
Aug-90 Mean 149.545 0.015 0.300 43.3 69.333 16.500 1.333 54.3 0.035 0.150 1.160 139.8 182.333 5.7 14.3 0.020 67.0 0.047 0.015 7.2 16.000 3.000 375.7 3.567
Std. Deviat 3.876 0.007 0.000 3.2 13.796 2.121 1.155 34.4 0.021 0.071 1.471 12.7 4.726 0.6 2.9 0.000 1.7 0.023 0.007 0.5 1.732 1.732 22.0 1.401
Skewness 1.225 0.000 0.000 1.225 1.225 0.000 1.225 1.014 0.000 0.000 0.000 1.225 1.225 1.225 1.225 0.000 1.225 1.225 0.000 1.014 1.225 1.225 1.225 1.225
Trend C SD I C C C C D C D C SI SI C C C C I I C C D
TM1C Aug-90 N 2 2
Aug-90 Mean 7.5 7.2
Std. Deviation 3.5 0.9
Skewness 0.000 0.000
Trend C C
TM2C Aug-90 N 2 2
Aug-90 Mean 275.0 6.8
Std. Deviation 35.4 0.8
Skewness 0.000 0.000
Trend C C
TM4C Aug-90 N 2 2
Aug-90 Mean 245.0 6.7
Std. Deviation 7.1 0.3
Skewness 0.000 0.000
Trend C C
TM5C Nov-82 N 2 2
Jun-93 Mean 255.0 6.1
Std. Deviation 7.1 0.3
Skewness 0.000 0.000
Trend C C
Table 5.1-2  Groundwater bores water descriptive statistics Trend - Time Series Analysis - C - constant - SD Slight Decrease - SI Slight Increase
SITE Period Data ALKAL As (sol) B (tot) Ca CDO Cl CO2 CO3 Colour Cu Cr F Fe (sol) Fe (tot) Hardness HCO3 K Mg Mn Na NH3NH4 N (Kjeld) NO2 NO3NO2 NO3 (N org) N (tot) Pb pH P (tot) PO4 SIO2 SO4 Temp TSS TURB Zn
TM6C Aug-90 N 2 2
Aug-90 Mean 157.5 6.4
Std. Deviation 24.7 0.6
Skewness 0.000 0.000
Trend C C
TM7B Aug-90 N 2 2
Aug-90 Mean 70.0 7.0
Std. Deviation 14.1 0.8
Skewness 0.000 0.000
Trend C C
TM7C Aug-90 N 2 2
Aug-90 Mean 17.5 6.9
Std. Deviation 3.5 0.7
Skewness 0.000 0.000
Trend C C
TM8A Jul-85 N 2 2
Jun-99 Mean 47.5 7.3
Std. Deviation 3.5 0.6
Skewness 0.000 0.000
Trend C C
TM8B Jul-85 N 2 2
Jun-99 Mean 95.0 7.0
Std. Deviation 7.1 0.9
Skewness 0.000 0.000
Trend C C
TM8C Jul-85 N 2 2
Jun-99 Mean 360.0 6.1
Std. Deviation 155.6 0.8
Skewness 0.000 0.000
Trend C C
TM9C Jul-85 N 2 2
Jun-99 Mean 52.5 6.6
Std. Deviation 3.5 1.0
Skewness 0.000 0.000
Trend C C
TM10C Jul-85 N 2 2
Jun-99 Mean 260.0 6.2
Std. Deviation 14.1 1.2
Skewness 0.000 0.000
Trend C C
TM11C Jul-85 N 2 2
Jun-99 Mean 375.0 5.5
Std. Deviation 176.8 0.4
Skewness 0.000 0.000
Trend C C
TM12C Aug-90 N 2 2
Aug-90 Mean 95.0 6.4
Std. Deviation 21.2 0.4
Skewness 0.000 0.000
Trend C C
TM14A Aug-90 N 2 2
Aug-90 Mean 65.0 7.1
Std. Deviation 28.3 0.6
Skewness 0.000 0.000
Trend C C
TM14B Aug-90 N 2 2
Aug-90 Mean 87.5 7.1
Std. Deviation 17.7 0.4
Skewness 0.000 0.000
Trend C C
TM14C Aug-90 N 2 2
Aug-90 Mean 92.5 7.3
Std. Deviation 10.6 0.6
Skewness 0.000 0.000
Trend C C
TM15C Aug-90 N 2 2
Aug-90 Mean 500.0 5.2
Std. Deviation 353.6 0.1
Skewness 0.000 0.000
Trend SSD C
TM16A Aug-90 N 2 2
Aug-90 Mean 42.5 7.2
Std. Deviation 17.7 0.9
Skewness 0.000 0.000
Trend C C
TM16B Aug-90 N 2 2
Aug-90 Mean 182.5 6.3
Std. Deviation 10.6 0.8
Skewness 0.000 0.000
Trend C C
TM16C Dec-89 N 2 4 4 5 5 5 6 6 10 11 6 5 22 11 7 18 2 4
Aug-98 Mean 101.290 535.5 0.006 0.003 391.4 3016.4 0.139 3.120 0.017 0.040 3.171 0.002 5.5 0.874 0.743 19.7 36.050 0.027
Median 0.467 0.007 0.018 5.5 0.886
Std. Deviation 12.516 429.8 0.009 0.001 340.1 2476.6 0.137 1.491 0.019 0.050 1.507 0.000 0.3 0.397 0.424 2.0 44.053 0.015
Skewness 0.000 1.014 1.014 0.913 0.913 0.913 -0.674 0.845 1.218 1.789 0.845 0.913 0.938 -0.770 0.794 0.536 0.000 1.014
Trend SD D C C D C SD C C D C SI I I C C
Normality 0.768 0.774 0.924 0.940
Table 5.1-2  Groundwater bores water descriptive statistics Trend - Time Series Analysis - C - constant - SD Slight Decrease - SI Slight Increase
5.2. Lake Data Analysis 
This section of the thesis presents the results of the quality of the water in the 
lakes water column (e.g., water levels, nutrients).  It includes statistical data as 
well as time series and summary tables including comparisons against NWQMS 
Guideline values. 
 
5.2.1. Bibra Lake 
 
Monitoring has been undertaken on the water within Bibra Lake for which the 
results are presented in Tables 5.2-1 and 5.2-2 and Figures 5.2-1 and 5.2-2.  
These figures indicate a number of interesting features including; 
• The levels of total nitrogen have a long-term average has been about 5 mg/L 
which far exceeds the OECD eutrophic classification of 1.88 mg/L; 
• 95% of the total nitrogen consists of organic nitrogen; 
• The levels of inorganic nitrogen concentrations were at elevated levels that 
peaked for the period between about 1978 to 1984; 
• The levels of total phosphorus are very elevated and the long-term average 
has been about 0.68mg/L, although since 1987, there has been a definite 
reduction.  That is, from 1969 to 1987, the mean value was 1.046 mg/L 
whilst from 1994 to 1999, the mean value was 0.405 mg/L.  (Note:  The 
CEPIS eutrophic classification mean value for total phosphorus is 
0.119 mg/L); 
• Only the storage level and temperature results display normal distribution 
features.  The other results have positive skewness and kurtosis which means 
the data has a number of results close to zero and a wide variation of data 
with a few peak values.  This is consistent with the findings by Helsel and 
Hirsch (1996). 
 
5.2.2. Yangebup Lake 
 
The results of Yangebup Lake water quality monitoring are presented in 
Tables 5.2-3 and 5.2-4 and Figures 5.2-3 to 5.2-5 and summarised as follows; 
• The levels of total nitrogen are extremely elevated and the long-term average 
has been about 5 mg/L.  Since 1994, when the levels approached their lowest 
value of about 2.6 mg/L, the levels have been progressively increasing and 
were consistently above 5mg/L over a 12 month period between September 
1998 and June 1999.  (Note:  The OECD eutrophic classification mean value 
for total nitrogen is 1.88 mg/L). 
• The levels of total phosphorus are very elevated and the long-term average 
has been about 0.373 mg/L, although since 1987, there has been a definite 
reduction.  That is, from 1970 to 1987, the mean value was 0.811 mg/L 
whilst from 1987 to 1999 the mean value was 0.183 mg/L.  (Note:  The 
CEPIS eutrophic classification mean value for total phosphorus is 
0.119 mg/L); 
• The average lead value is 0.058 mg/L.  (Note:  NWQMS ANZ Guidelines for 
Fresh and Marine Quality value is 0.0094 mg/L); 
 95
Figure 5.2-1  Bibra Lake water column time series data
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Bibra Lake - Biochemical Oxygen Demand
0
500
1000
1500
2000
2500
3000
3500
4000
24
-O
ct
-6
9
24
-O
ct
-7
1
23
-O
ct
-7
3
23
-O
ct
-7
5
22
-O
ct
-7
7
22
-O
ct
-7
9
21
-O
ct
-8
1
21
-O
ct
-8
3
20
-O
ct
-8
5
20
-O
ct
-8
7
19
-O
ct
-8
9
19
-O
ct
-9
1
18
-O
ct
-9
3
18
-O
ct
-9
5
17
-O
ct
-9
7
17
-O
ct
-9
9
Date
 B
O
D
 (m
g/
L)
Bibra Lake - Chlorophyll A
0
100
200
300
400
500
600
24
-O
ct
-6
9
24
-O
ct
-7
1
23
-O
ct
-7
3
23
-O
ct
-7
5
22
-O
ct
-7
7
22
-O
ct
-7
9
21
-O
ct
-8
1
21
-O
ct
-8
3
20
-O
ct
-8
5
20
-O
ct
-8
7
19
-O
ct
-8
9
19
-O
ct
-9
1
18
-O
ct
-9
3
18
-O
ct
-9
5
17
-O
ct
-9
7
17
-O
ct
-9
9
Date
ug
/L
Bibra lake - Total Dissolved Solids
0
1000
2000
3000
4000
5000
6000
24
-O
ct
-6
9
24
-O
ct
-7
1
23
-O
ct
-7
3
23
-O
ct
-7
5
22
-O
ct
-7
7
22
-O
ct
-7
9
21
-O
ct
-8
1
21
-O
ct
-8
3
20
-O
ct
-8
5
20
-O
ct
-8
7
19
-O
ct
-8
9
19
-O
ct
-9
1
18
-O
ct
-9
3
18
-O
ct
-9
5
17
-O
ct
-9
7
17
-O
ct
-9
9
Date
m
g/
L
Figure 5.2-2  Bibra Lake water column time series data
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AMMONIA Pearson Correlation -0.90 -0.33 -0.36 -0.67 . . 0.35 -0.40 -0.64 -0.29 0.36 . -0.15 0.53 -0.59
Sig. (2-tailed) 0.10 0.04 0.02 0.33 . . 0.02 0.01 0.00 0.08 0.02 . 0.35 0.00 0.00
N 4 38 41 4 0 0 41 41 40 37 40 0 41 41 39
BOD Pearson Correlation 0.02 . . 0.19 0.12 -0.18 . 0.38 0.49 . -0.17 0.03 0.33 0.08 .
Sig. (2-tailed) 0.90 . . 0.34 0.59 0.39 . 0.06 0.01 . 0.49 0.88 0.11 0.69 .
N 27 0 0 27 23 25 0 24 27 0 19 27 25 27 0
CHLORIDE Pearson Correlation . 1.00 -0.01 0.12 -0.29 -0.75 0.79 0.37 . -0.85 0.99 0.73 0.01 1.00
Sig. (2-tailed) . 0.00 0.96 0.59 0.15 0.25 0.00 0.04 . 0.00 0.00 0.00 0.95 .
N 1 4 32 24 26 4 28 32 0 23 28 29 32 2
Chlorophyll Pearson Correlation 0.07 . . . -0.30 0.62 0.54 0.66 -0.16 . 0.62 0.10 0.27
Sig. (2-tailed) 0.64 . . . 0.04 0.00 0.00 0.00 0.29 . 0.00 0.50 0.07
N 46 1 0 0 46 39 45 46 46 0 46 46 47
Conductivity Pearson Correlation 0.43 . . -0.11 0.41 0.25 -0.02 -0.83 . 0.36 -0.54 -0.03
Sig. (2-tailed) 0.57 . . 0.47 0.01 0.02 0.91 0.00 . 0.01 0.00 0.79
N 4 0 0 49 42 81 45 79 0 49 50 80
F-Coliform Pearson Correlation -0.06 0.31 -0.41 0.16 0.02 . -0.22 0.05 0.25 0.06 1.00
Sig. (2-tailed) 0.77 0.12 0.59 0.41 0.89 . 0.28 0.78 0.18 0.75 .
N 24 26 4 30 34 0 25 28 31 34 2
FLOURIDE Pearson Correlation -0.26 . -0.08 0.36 . -0.09 0.08 -0.12 -0.11 .
Sig. (2-tailed) 0.22 . 0.73 0.08 . 0.74 0.72 0.59 0.62 .
N 23 0 21 24 0 16 24 22 24 0
N-INORG Pearson Correlation . -0.25 -0.47 . 0.17 -0.24 0.07 0.30 .
Sig. (2-tailed) . 0.25 0.02 . 0.49 0.23 0.76 0.14 .
N 0 24 26 0 18 26 24 26 0
NITRATE Pearson Correlation -0.46 -0.49 -0.29 0.25 . -0.30 0.47 -0.66
Sig. (2-tailed) 0.00 0.00 0.05 0.08 . 0.04 0.00 0.00
N 42 48 45 48 0 49 49 47
N-ORG Pearson Correlation 0.39 0.54 -0.65 0.83 0.95 0.10 0.48
Sig. (2-tailed) 0.00 0.00 0.00 0.00 0.00 0.39 0.00
N 67 38 59 24 68 68 40
PH Pearson Correlation 0.51 -0.30 0.32 0.29 -0.08 0.40
Sig. (2-tailed) 0.00 0.00 0.10 0.01 0.48 0.00
N 44 100 28 75 79 79
Phaeophytin Pearson Correlation -0.11 . 0.58 0.19 0.33
Sig. (2-tailed) 0.49 . 0.00 0.20 0.03
N 46 0 45 45 46
STORAGE Pearson Correlation -0.87 -0.66 -0.10 -0.09
Sig. (2-tailed) 0.00 0.00 0.40 0.45
N 20 67 70 78
TDS Pearson Correlation 0.78 0.03 .
Sig. (2-tailed) 0.00 0.86 .
N 25 28 0
N-TOT Pearson Correlation 0.27 0.23
Sig. (2-tailed) 0.02 0.13
N 76 47
P-TOT Pearson Correlation -0.40
Sig. (2-tailed) 0.01
N 48
* Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).
Table 5.2-1  Bibra Lake water column Pearson correlations
Analyte Unit # of Values Normality Mean Median Var Std. Dev Skew Kurtosis Min Max Range
(Shapiro-
Wilk)
Lower Bound Upper Bound
Ammonia mg / L 41 0.57 0.33 0.037 0.398 0.631 2.557 6.092 0.131 0.529 0.01 2.7 2.69
N-inorg mg / L 26 0.584 0.966 0.4 2.47 1.572 2.577 6.114 0.331 1.601 0.02 6.4 6.38
Nitrate mg / L 49 0.642 0.134 0.018 0.05 0.224 2.002 3.375 0.069 0.198 0.003 0.925 0.922
N-org mg / L 68 0.835 5.19 4.079 12.835 3.583 1.88 4.894 4.323 6.057 0.2 20.55 20.35
N-tot mg / L 76 0.84 5.503 4.515 11.637 3.411 1.968 5.828 4.724 6.283 0.1 20.95 20.85
P-tot mg / L 80 0.824 0.677 0.536 0.282 0.531 1.63 2.457 0.559 0.795 0 2.5 2.5
BOD mg / L 27 0.731 764 580 619200 787 2.34 6.06 453 1075 100 3500 3400
Chloride mg / L 32 0.811 675 462 265900 516 1.567 1.88 489 861 191 2181 1990
Chlorophyll ug/L 47 0.681 75.9 53.4 8875 94.2 3.29 14.88 48.2 103.5 1.34 560.7 559.36
Phaeophytin ug/L 46 0.921 23 17 290 17 0.94 0.32 18 28 0 72 72
F-coliform No. 35 0.496 757 43 3016746 1737 3 9 161 1354 4 7600 7596
Colour Haz 45 0.316 4.68 3.7 26.81 5.18 5.15 27.86 3.12 6.23 2.1 34.7 32.6
pH Blnk 111 0.986 8.743 8.636 0.507 0.712 0.202 -0.478 8.609 8.877 7.3 10.8 3.5
Storage Level M AHD 512 0.99 14.709 14.736 0.311 0.557 -0.393 0.284 14.661 14.758 12.558 16.078 3.52
Temp Deg C 81 0.955 21.1 21.8 19.2 4.4 -0.627 -0.289 20.2 22.1 10 29 19
Conductivity ms/m 82 0.956 1334 1246 247747 498 -0.156 0.76 1225 1444 98 2592 2494
Flouride mg / L 24 0.884 0.188 0.175 0.02 0.14 1.344 2.099 0.129 0.247 0.01 0.6 0.59
Iron mg / L 23 0.838 0.167 0.11 0.027 0.163 1.401 1.705 0.097 0.237 0 0.59 0.59
Sus-solid mg / L 26 0.703 56 23 5948 77 2.07 3.978 25 87 1 294 293
TDS mg / L 28 0.836 1658 1215 1354230 1164 1.47 1.817 1207 2109 510 5120 4610
Table 5.2-2  Bibra Lake water column analyte descriptive statistics
95% Confidence Interval for 
Mean
Figure 5.2-3  Yangebup Lake water quality time series
Yangebup Lake - Ammonia as N - Filtered
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Yangebup Lake - Biochemical Oxygen Demand
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Yangebup Lake - Chloride - Filtered
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Yangebup Lake - Chlorophyll
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Yangebup Lake - Conductivity
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Yangebup Lake - Copper as Cu
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Yangebup Lake - Dissolved Oxygen
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Yangebup Lake - Faecal Coliform
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Figure 5.2-4  Yangebup Lake water quality time series
Yangebup Lake - Fluoride as F
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Yangebup Lake - Nitrogen (inorganic)
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Yangebup Lake - Iron as Fe
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Yangebup Lake - Nitrite plus Nitrate
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Yangebup Lake - Nitrogen (organic)
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Yangebup Lake - Phaeophytin
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Figure 5.2-5  Yangebup Lake water quality time series
Yangebup Lake - Storage Level (1951 - 1999)
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Yangebup Lake - Suspended Solids
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Yangebup Lake - Nitrogen (Kjeldahl)
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Yangebup Lake - Phosphorus (total)
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Yangebup Lake - Water Temperature
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Yangebup Lake - Storage Level (1969 - 1999)
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Yangebup Lake - Nitrogen (total)
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Am
m
onia as N
Inorganic N
itrogen
N
itrite as N
N
itrite + nitrate as N
N
itrogen - O
rganic
Total Kjeldahl N
itrogen
Total N
itrogen
Phosphorus O
rganic
Phosphorus O
rtho - p
FR
P
Total Phosphorus
BO
D
C
hlorophyll A
D
issolved O
xygen
Faecal C
oliform
Phaeophytin
C
hloride - Filtered
Lead - non-filterable
Zinc
C
onductivity
TD
S
PH
Storage Level AH
D
W
ater Tem
p - in-situ
MONTH Pearson Correlation -0.07 -0.14 -0.13 -0.19 -0.43 -0.31 -0.25 -0.25 -0.21 -0.09 -0.13 -0.31 -0.16 -0.14 -0.03 -0.06 -0.61 -0.16 -0.38 -0.34 -0.62 -0.40 0.23 -0.31
Sig. (2-tailed) 0.58 0.46 0.68 0.10 0.00 0.01 0.02 0.09 0.15 0.62 0.19 0.14 0.09 0.20 0.86 0.49 0.02 0.63 0.15 0.00 0.00 0.00 0.00 0.00
N 70 31 12 74 78 74 84 46 46 30 106 25 117 85 32 116 14 12 16 91 27 173 419 155
Ammonia as N Pearson Correlation 0.93 0.81 0.55 0.73 0.88 0.85 -0.17 -0.10 0.95 0.95 . -0.18 -0.33 -0.69 -0.16 -0.25 . . 0.46 . 0.03 -0.28 0.02
Sig. (2-tailed) 0.07 0.00 0.00 0.00 0.00 0.00 0.31 0.56 0.00 0.00 . 0.15 0.05 0.51 0.23 0.68 . . 0.00 . 0.79 0.02 0.87
N 4 12 66 52 66 70 38 38 30 70 0 62 34 3 61 5 0 0 47 0 66 66 68
Inorganic Nitrogen Pearson Correlation 0.92 . -0.30 . -0.03 . . . 0.06 0.43 . -0.89 -0.15 . -0.06 -0.27 -0.16 . 0.03 -0.07 -0.13 -1.00
Sig. (2-tailed) 0.08 . 0.11 . 0.94 . . . 0.76 0.04 . 0.30 0.45 . 0.86 0.42 0.57 . 0.89 0.70 0.58 .
N 4 0 29 0 10 0 0 0 30 23 1 3 29 0 12 11 15 0 25 31 20 2
Nitrite as N Pearson Correlation 0.97 -0.01 -0.40 0.45 . . 0.67 0.71 . -0.59 -0.39 . -0.39 -0.38 . . . . -0.39 -0.47 0.10
Sig. (2-tailed) 0.00 0.98 0.33 0.14 . . 0.07 0.01 . 0.12 0.23 . 0.39 0.62 . . . . 0.24 0.17 0.79
N 8 5 8 12 1 1 8 12 0 8 11 3 7 4 0 0 1 0 11 10 10
Nitrite + nitrate as N Pearson Correlation 0.77 0.48 0.49 -0.13 0.02 0.53 0.53 . -0.11 0.20 . -0.20 . . . 0.49 . 0.14 -0.23 0.08
Sig. (2-tailed) 0.00 0.00 0.00 0.41 0.92 0.00 0.00 . 0.37 0.28 . 0.10 . . . 0.00 . 0.24 0.05 0.52
N 49 74 74 46 46 30 74 0 69 31 0 69 1 0 0 55 0 69 72 74
Nitrogen - Organic Pearson Correlation 0.98 0.47 0.56 -0.24 0.94 0.37 0.38 -0.06 -0.34 0.23 -0.12 0.56 -0.09 0.11 0.65 0.58 0.26 -0.50 0.18
Sig. (2-tailed) 0.00 0.00 0.00 0.15 0.00 0.00 0.08 0.71 0.18 0.25 0.45 0.10 0.82 0.72 0.00 0.00 0.02 0.00 0.21
N 49 59 38 38 12 77 22 46 17 27 45 10 9 13 46 23 75 65 51
Total Kjeldahl NitrogenPearson Correlation 1.00 0.54 -0.25 0.90 0.90 . -0.02 -0.33 . -0.07 . . . 0.62 . 0.25 -0.54 0.09
Sig. (2-tailed) 0.00 0.00 0.10 0.00 0.00 . 0.87 0.07 . 0.57 . . . 0.00 . 0.04 0.00 0.43
N 74 46 46 30 74 0 69 31 0 69 1 0 0 55 0 69 72 74
Total Nitrogen Pearson Correlation 0.54 -0.25 0.90 0.91 0.36 -0.06 -0.26 -0.25 -0.08 0.84 -0.41 0.73 0.62 0.89 0.30 -0.57 0.12
Sig. (2-tailed) 0.00 0.10 0.00 0.00 0.48 0.64 0.14 0.52 0.54 0.00 0.42 0.10 0.00 0.02 0.01 0.00 0.31
N 46 46 30 84 6 70 34 9 69 11 6 6 55 6 79 78 76
Phosphorus Organic Pearson Correlation 0.10 -1.00 0.98 . 0.76 -0.66 . 0.46 . . . -0.10 . 0.30 -0.06 -0.20
Sig. (2-tailed) 0.50 . 0.00 . 0.00 0.23 . 0.00 . . . 0.49 . 0.05 0.68 0.19
N 46 2 46 0 45 5 0 45 0 0 0 46 0 45 46 46
Phosphorus Ortho - p Pearson Correlation 1 0.30 . 0.11 0.59 . 0.08 . . . -0.30 . 0.11 -0.01 0.02
Sig. (2-tailed) . 0.04 . 0.49 0.30 . 0.59 . . . 0.04 . 0.46 0.92 0.88
N 2 46 0 45 5 0 45 0 0 0 46 0 45 46 46
FRP Pearson Correlation 0.96 . -0.29 -0.33 . -0.22 . . . 0.62 . -0.07 -0.34 0.05
Sig. (2-tailed) 0.00 . 0.14 0.08 . 0.28 . . . 0.04 . 0.75 0.07 0.81
N 30 0 26 28 0 26 1 0 0 11 0 26 28 30
Total Phosphorus Pearson Correlation 0.31 0.02 -0.32 -0.03 -0.02 0.70 0.07 0.23 0.40 0.60 0.10 -0.52 -0.01
Sig. (2-tailed) 0.14 0.90 0.06 0.89 0.85 0.01 0.82 0.39 0.00 0.00 0.31 0.00 0.93
N 24 70 34 30 69 14 12 16 55 26 101 93 76
BOD Pearson Correlation . . 0.16 . 0.37 -0.43 -0.07 . 0.47 0.39 -0.37 .
Sig. (2-tailed) . . 0.46 . 0.37 0.19 0.80 . 0.02 0.06 0.16 .
N 0 0 24 0 8 11 15 0 25 25 16 0
Chlorophyll A Pearson Correlation 0.43 . 0.49 -1.00 . . -0.41 . 0.22 0.20 0.21
Sig. (2-tailed) 0.00 . 0.00 . . . 0.00 . 0.02 0.03 0.03
N 74 1 116 2 0 0 64 0 112 114 116
DO Pearson Correlation 1 0.27 0.30 . . -0.69 . 0.41 -0.06 0.10
Sig. (2-tailed) . 0.02 0.70 . . 0.00 . 0.00 0.59 0.37
N 2 73 4 0 0 23 0 73 79 84
Faecal Coliform Pearson Correlation . -0.20 -0.21 -0.35 . 0.00 -0.04 -0.17 1.00
Sig. (2-tailed) . 0.53 0.53 0.20 . 1.00 0.85 0.44 .
N 0 12 11 15 0 26 31 22 2
Phaeophytin Pearson Correlation . . . -0.28 . 0.04 0.06 0.04
Sig. (2-tailed) . . . 0.02 . 0.64 0.56 0.71
N 1 0 0 64 0 111 113 115
Chloride - Filtered Pearson Correlation -0.24 0.95 . 0.99 0.49 -0.77 0.90
Sig. (2-tailed) 0.53 0.00 . 0.00 0.08 0.01 0.29
N 9 9 0 9 14 10 3
Lead - non-filterable Pearson Correlation 0.26 . -0.10 0.06 0.58 .
Sig. (2-tailed) 0.42 . 0.75 0.86 0.13 .
N 12 0 12 12 8 0
Zinc Pearson Correlation . 0.07 0.18 -0.67 .
Sig. (2-tailed) . 0.79 0.50 0.03 .
N 0 16 16 10 0
Conductivity Pearson Correlation . 0.20 -0.78 0.00
Sig. (2-tailed) . 0.06 0.00 0.97
N 0 89 90 91
TDS Pearson Correlation 0.66 -0.66 .
Sig. (2-tailed) 0.00 0.00 .
N 27 18 0
PH Pearson Correlation -0.32 0.18
Sig. (2-tailed) 0.00 0.04
N 160 141
Storage Level Pearson Correlation -0.10
Sig. (2-tailed) 0.22
N 148
* Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).
a Cannot be computed because at least one of the variables is constant.
Table 5.2-3  Yangebup Lake water column Pearson correlations
Mean Median Variance St Dev Minimum Maximum Range
Interquartile 
Range Skewness Kurtosis Normality
Ammonia 0.178 0.016 0.631 0.794 0.004 6.213 6.208 0.017 6.818 50.217 0.214
BDO 7.172 5 45 6.705 0 25 25 4.55 1.842 2.854 0.754
Chloride - Filtered 1311 627 2402539 1550 276 5150 4874 1156 1.919 2.653 0.666
Chlorophyll A 51.071 39.5 2780 52.727 2.1 330 327.9 48.275 2.941 11.94 0.722
Colour – True 13.236 7.6 639 25.275 2.26 145 142.74 2.245 4.418 19.596 0.307
Conductivity 245 232 4524 67.26 59.95 432 372 88.8 0.224 0.596 0.971
Copper 0.022 0.02 0 0.013 0.01 0.05 0.04 0.02 0.917 0.587 0.829
DO 9.6 9.425 3.5 1.871 5.5 17 11.5 2.235 1.096 2.673 0.941
Faecal Coliform 57.6 23 8468 92 0 440 440 64.5 2.896 9.532 0.629
Filterable Reactive Phos 0.035 0.01 0.006 0.078 0.002 0.393 0.391 0.012 3.818 15.759 0.436
Fluoride as F 0.217 0.2 0.021 0.146 0.05 0.5 0.45 0.22 0.694 -0.408 0.883
Nitrogen Inorganic 0.572 0.3 1.023 1.012 0.02 5 4.98 0.35 3.645 13.808 0.486
Iron as Fe 0.25 0.19 0.074 0.273 0.01 1.1 1.09 0.293 2.029 4.715 0.762
Lead - non-filterable 0.058 0.04 0.001 0.028 0.04 0.12 0.08 0.038 1.399 0.753 0.688
Nitrite as N 0.03 0.027 0.001 0.029 0.002 0.1 0.098 0.046 1.157 1.436 0.851
Nitrite plus nitrate as N 0.053 0.009 0.021 0.146 0.002 1 0.998 0.023 5.038 28.303 0.361
Nitrogen - Organic 5.18 4.294 8.778 2.963 0.1 16.675 16.575 2.496 2.143 5.614 0.779
pH 8.771 8.83 0.159 0.398 7.2 9.718 2.518 0.39 -0.736 1.2 0.957
Phaeophytin 11.045 7.581 133.829 11.568 0 70.9 70.9 11.967 2.073 6.097 0.8
Phosphorus Organic 0.151 0.136 0.005 0.072 0.068 0.396 0.328 0.062 1.801 3.906 0.83
Phosphorus Ortho 12.283 10 224.074 14.969 0 84 84 12 3.186 12.59 0.657
SS 60.4 25 10338 101.676 5 480 475 56 3.365 12.615 0.552
TDS 3284 2240 7086120 2662 1100 13000 11900 2170 2.376 6.4 0.716
Nitrogen Kjeldahl 4.68 4.186 8.025 2.833 1.089 23.483 22.394 1.53 4.863 28.894 0.52
Total Nitrogen 5.136 4.25 10.864 3.296 1.203 24.145 22.942 1.671 3.636 15.781 0.591
Total Phosphorus 0.373 0.166 0.242 0.492 0.03 3.3 3.27 0.302 3.109 12.94 0.625
Water Temp 20.645 21.931 18.756 4.331 11.55 30.688 19.138 6.913 -0.206 -0.944 0.962
Zinc 0.063 0.02 0.024 0.155 0.01 0.64 0.63 0.038 3.933 15.616 0.352
Table 5.2-4  Yangebup Lake water column description statistics
5.2.3. Kogolup Lake (North and South) 
 
The water quality monitoring results for both Kogolup North and Kogolup 
South Lakes are presented in Tables 5.2-5 to 5.2-8 and Figures 5.2-6 to 5.2-9 
and summarised as follows; 
• There is a significant relationship in terms of water quality between the two 
Lakes in the sense that the results are very similar spatially and in 
magnitude although Kogolup North has consistently been slightly higher in 
Total Nitrogen and Phosphorus than Kogolup South;  
• The levels of total nitrogen for both Lakes are extremely elevated and the 
long-term average has been about 5.5 mg/L.  There also has been an 
increase in total nitrogen over the monitoring period.  (Note:  The OECD 
eutrophic classification mean value for total nitrogen is 1.88 mg/L). 
• The levels of total phosphorus for both Lakes are very elevated and the 
long-term average has been above 0.2 mg/L.  (Note:  The CEPIS eutrophic 
classification mean value for total phosphorus is 0.119 mg/L); 
• The pH values have been steadily rising over time and have a long term 
average above 8.0; 
 
5.2.4. Thomsons Lake 
 
The water quality monitoring results for Thomson Lake are presented in 
Tables 5.2-9 and 5.2-10 and Figures 5.2-10 and 5.2-11 and summarised as 
follows; 
• The levels of total nitrogen are extremely elevated and the long-term 
average has been about 4.3 mg/L.  There also has been a steady increase in 
total nitrogen over the monitoring period.  (Note:  The OECD eutrophic 
classification mean value for total nitrogen is 1.88 mg/L). 
• The levels of total phosphorus are very elevated and the long-term average 
has been above 0.23 mg/L.  (Note:  The CEPIS eutrophic classification 
mean value for total phosphorus is 0.119 mg/L); 
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Figure 5.2-6  Kogolup Lake (North) water quality time series
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Kogolup North - Conductivity
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Kogolup North - Dissolved Oxygen
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Kogolup North - Nitrite plus nitrate as N
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Kogolup North - Nitrogen (organic)
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Kogolup North - pH
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Kogolup North - Storage Level
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Figure 5.2-7  Kogolup Lake (North) water quality time series
Kogolup North - Pheatopytin
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Kogolup North - Total Kjeldahl Nitrogen as N
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Kogolup North - Total Nitrogen Unfiltered
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Kogolup North - Total Phosphorus Unfiltered
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Kogolup North - Water Temperature
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   Figure 5.2-8  Kogolup Lake (South) water quality time series
Kogolup South - Ammonia as N - Filtered
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Kogolup South - Chlorophyll A
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Kogolup South - Conductivity
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Kogolup South - Dissolved Oxygen
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Kogolup South - pH
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Kogolup South - Phaeophytin
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Kogolup South - Nitrogen Kjeldahl
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Kogolup South - Storage Level
12
12.5
13
13.5
14
14.5
15
15.5
16
16.5
19
/0
9/
19
91
18
/0
9/
19
92
18
/0
9/
19
93
18
/0
9/
19
94
18
/0
9/
19
95
17
/0
9/
19
96
17
/0
9/
19
97
17
/0
9/
19
98
17
/0
9/
19
99
16
/0
9/
20
00
Date
m
 A
H
D
   Figure 5.2-9  Kogolup Lake (South) water quality time series
Kogolup South - Total Nitrogen Unfiltered
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Kogolup South - Total Phosphorus Unfiltered
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Kogolup South - Water Temperature
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AMMONIA Chlorophyll DO FRP NitriteNitrate N-organic Phaeophytin Kjeldahl N Total NitrogenTotal Phosphoru Temperature Conductivity
MONTH Pearson Correlation -0.07 -0.42 -0.23 -0.45 -0.28 -0.64 -0.18 -0.32 -0.29 -0.25 -0.21 -0.49
Sig. (2-tailed) 0.79 0.00 0.07 0.37 0.23 0.03 0.14 0.16 0.23 0.28 0.11 0.00
N 16 66 61 6 20 12 66 20 19 20 61 67
AMMONIA Pearson Correlation -0.30 -0.69 0.84 0.65 -0.32 -0.24 0.23 0.33 0.20 0.26 -0.04
Sig. (2-tailed) 0.28 0.03 0.04 0.01 0.30 0.40 0.39 0.23 0.47 0.48 0.89
N 15 10 6 16 12 15 16 15 16 10 15
Chlorophyll Pearson Correlation 0.46 -0.77 -0.32 0.81 0.64 0.27 0.26 0.65 0.33 0.37
Sig. (2-tailed) 0.00 0.07 0.19 0.00 0.00 0.26 0.30 0.00 0.01 0.00
N 57 6 19 11 66 19 18 19 57 64
DO Pearson Correlation -0.90 -0.56 0.75 0.29 -0.05 -0.33 -0.25 -0.10 0.38
Sig. (2-tailed) 0.01 0.09 0.08 0.03 0.89 0.39 0.49 0.43 0.00
N 6 10 6 57 10 9 10 61 56
FRP Pearson Correlation 0.82 -1.00 -0.74 0.61 0.92 0.93 0.53 0.29
Sig. (2-tailed) 0.05 . 0.09 0.19 0.03 0.01 0.27 0.58
N 6 2 6 6 5 6 6 6
NitriteNitrate Pearson Correlation -0.37 -0.22 0.21 0.24 0.15 0.26 0.27
Sig. (2-tailed) 0.24 0.37 0.39 0.33 0.52 0.47 0.26
N 12 19 20 19 20 10 19
N-organic Pearson Correlation 0.10 0.96 0.95 0.65 0.36 0.95
Sig. (2-tailed) 0.77 0.00 0.00 0.02 0.49 0.00
N 11 12 12 12 6 11
Phaeophytin Pearson Correlation -0.09 -0.10 0.10 -0.03 0.14
Sig. (2-tailed) 0.73 0.69 0.70 0.83 0.28
N 19 18 19 57 64
Kjeldahl N Pearson Correlation 1.00 0.35 0.26 0.86
Sig. (2-tailed) 0.00 0.13 0.47 0.00
N 19 20 10 19
Total Nitrogen Pearson Correlation 0.43 0.39 0.89
Sig. (2-tailed) 0.07 0.30 0.00
N 19 9 18
Total Phosphorus Pearson Correlation 0.60 0.33
Sig. (2-tailed) 0.07 0.17
N 10 19
Temperature Pearson Correlation 0.14
Sig. (2-tailed) 0.30
N 56
** Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).
Table 5.2-5  Kogolup Lake (North) water column Pearson correlations
Ammonia Chlorophyll A
Conductivit
y DO FRP
Nitrite + 
nitrate pH Phaeophytin
Storage 
Level AHD
Total 
Kjeldahl 
Nitrogen
Total 
Nitrogen
Total 
Phosphorus
Water 
Temp - in-
situ
MONTH Pearson Correlation 0.15 -0.30 -0.43 0.09 -0.34 -0.47 -0.33 -0.20 0.43 -0.76 -0.63 -0.42 -0.25
Sig. (2-tailed) 0.55 0.01 0.00 0.48 0.41 0.24 0.01 0.13 0.00 0.03 0.09 0.30 0.05
N 18 70 70 65 8 8 58 61 274 8 8 8 66
Ammonia Pearson Correlation -0.03 -0.23 -0.25 0.24 0.03 -0.62 -0.06 0.49 -0.17 -0.07 0.06 -0.16
Sig. (2-tailed) 0.92 0.41 0.48 0.57 0.95 0.06 0.87 0.15 0.69 0.86 0.88 0.66
N 16 15 10 8 8 10 10 10 8 8 8 10
Chlorophyll A Pearson Correlation 0.33 0.08 -0.69 -0.24 0.16 0.51 0.02 0.77 0.75 -0.18 0.16
Sig. (2-tailed) 0.01 0.54 0.09 0.61 0.23 0.00 0.87 0.04 0.05 0.69 0.22
N 67 59 7 7 57 61 56 7 7 7 60
Conductivity Pearson Correlation 0.10 -0.28 0.29 0.53 0.15 -0.51 0.99 0.99 0.14 0.05
Sig. (2-tailed) . 0.43 0.54 0.52 0.00 0.27 0.00 0.00 0.00 0.77 0.69
N 58 7 7 57 59 55 7 7 7 59
DO Pearson Correlation -0.80 -0.20 0.49 0.02 -0.35 0.33 0.31 -0.66 -0.52
Sig. (2-tailed) 0.03 0.66 0.00 0.86 0.01 0.48 0.51 0.11 0.00
N 7 7 57 59 61 7 7 7 65
FRP Pearson Correlation 0.96 -0.57 -0.58 0.47 0.80 0.88 0.95 0.23
Sig. (2-tailed) 0.00 0.18 0.17 0.29 0.02 0.00 0.00 0.62
N 8 7 7 7 8 8 8 7
Nitrite + nitrate Pearson Correlation 0.04 -0.48 0.05 0.90 0.96 0.99 0.14
Sig. (2-tailed) 0.93 0.28 0.92 0.00 0.00 0.00 0.77
N 7 7 7 8 8 8 7
pH Pearson Correlation 0.08 -0.79 0.30 0.29 -0.45 0.04
Sig. (2-tailed) 0.56 0.00 0.51 0.53 0.32 0.77
N 57 55 7 7 7 58
Phaeophytin Pearson Correlation -0.08 0.41 0.40 -0.27 -0.04
Sig. (2-tailed) 0.57 0.36 0.38 0.56 0.75
N 56 7 7 7 60
Storage Level AHD Pearson Correlation -0.45 -0.45 0.38 -0.05
Sig. (2-tailed) 0.31 0.31 0.40 0.73
N 7 7 7 61
Total Kjeldahl Nitrogen Pearson Correlation 0.98 0.90 -0.19
Sig. (2-tailed) 0.00 0.00 0.69
N 8 8 7
Total Nitrogen Pearson Correlation 0.96 -0.18
Sig. (2-tailed) 0.00 0.70
N 8 7
Total Phosphorus Pearson Correlation 0.45
Sig. (2-tailed) 0.31
N 7
* Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).
Table 5.2-6  Kogolup Lake (South) water column Pearson correlations
Kogolup North Mean
Std. 
Deviation Variance Minimum Maximum Range
Interquartile 
Range Skewness Kurtosis Normality
Chlorophyll 22.427 22.532 507.705 0.67 98.8 98.13 25.05 1.559 2.398 0.831
DO 7.709 2.352 5.53 3.1 12.725 9.625 3.75 0.299 -0.565 0.979
FRP 0.063 0.05 0.002 0.004 0.146 0.142 0.074 0.777 0.731 0.95
Phaeophytin 3.306 2.913 8.485 0.33 16.225 15.895 2.608 2.572 8.19 0.739
Conductivity 319 116 13455 168 621 453 130 1.119 0.667 0.891
AMMONIA 0.392 0.609 0.371 0.005 1.699 1.694 0.46 1.621 1.063 0.652
Kjeldahl N 5.337 2.247 5.048 2.99 11.846 8.856 1.475 1.747 2.928 0.8
NitriteNitrate 0.170 0.31 0.096 0.003 1.335 1.332 0.141 3.239 11.317 0.55
N-organic 4.467 1.807 3.264 2.762 9.548 6.786 1.686 2.194 6.115 0.755
Total Nitrogen 5.343 2.247 5.047 2.993 11.872 8.879 1.438 1.886 3.429 0.763
Total Phosphorus 0.204 0.058 0.003 0.102 0.373 0.271 0.074 1.031 2.813 0.929
Temperature 20.8 4.805 23.09 12.55 30.35 17.8 8.138 0.145 -1.099 0.958
Table 5.2-7  Kogolup Lake (North) water quality description statistics
Kogolup South Mean
Std. 
Deviation Variance Minimum Maximum Range
Interquartile 
Range Skewness Kurtosis Normality
Chlorophyll A 16.0 17.957 322.438 0.96 98.8 97.84 14.725 2.72 8.712 0.701
Conductivity 280 104 10790 126 591 465 133 1.076 0.901 0.918
DO 7.068 1.818 3.304 2.8 11.1 8.3 3 -0.058 -0.629 0.984
FRP 0.051 0.073 0.005 0.002 0.22 0.218 0.059 2.184 5.233 0.709
Phaeophytin 2.639 2.416 5.836 0.227 12.067 11.84 2.058 2.271 5.888 0.755
AMMONIA 0.210 0.402 0.162 0.005 1.699 1.694 0.256 3.334 12.268 0.545
Kjeldahl N 5.087 3.249 10.555 2.648 12.28 9.632 3.352 1.831 3.664 0.769
NitriteNitrate 0.973 2.283 5.211 0.006 6.56 6.554 0.773 2.713 7.46 0.507
Total Nitrogen 5.950 5.407 29.234 2.657 18.84 16.183 3.34 2.442 6.317 0.646
PH 8.16 0.34 0.115 7.433 9.103 1.67 0.308 0.517 1.263 0.947
Total Phosphorus 0.339 0.652 0.425 0.074 1.95 1.876 0.056 2.821 7.967 0.452
Temperature 21.2 4.632 21.5 12.733 28.7 15.967 8.092 -0.262 -1.221 0.937
Table 5.2-8  Kogolup Lake (South) water quality description statistics
Figure 5.2-10  Thomsons Lake water quality time series
Thomson Lake - Ammonia as N - Filtered
0.000
0.100
0.200
0.300
0.400
0.500
0.600
0.700
0.800
24
-O
ct
-6
9
24
-O
ct
-7
1
23
-O
ct
-7
3
23
-O
ct
-7
5
22
-O
ct
-7
7
22
-O
ct
-7
9
21
-O
ct
-8
1
21
-O
ct
-8
3
20
-O
ct
-8
5
20
-O
ct
-8
7
19
-O
ct
-8
9
19
-O
ct
-9
1
18
-O
ct
-9
3
18
-O
ct
-9
5
17
-O
ct
-9
7
17
-O
ct
-9
9
Date
m
g/
L
Thomson Lake - Biochemical Oxygen Demand
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Thomson Lake - Conductivity
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Thomsons Lake - Dissolved Oxygen
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Thomsons Lake - Faecal Coliform
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Thomsons Lake - Nitrogen Inorganic
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Thomsons Lake - Nitrogen Kjeldahl
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Figure 5.2-11  Thomsons Lake water quality time series
Thomsons Lake - Nitrite plus nitrate as N
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Thomsons Lake - Nitrogen - organic
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Thomsons Lake - pH
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Thomsons Lake - Storage Level (1949 - 1999)
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Thomsons Lake - Water Temperature
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Thomsons Lake - Total Phosphorus
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Thomsons Lake - Total Nitrogen
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Thomsons Lake - Storage Level (1970 - 1999)
9.000
10.000
11.000
12.000
13.000
14.000
15.000
16.000
24
-O
ct
-6
9
24
-O
ct
-7
1
23
-O
ct
-7
3
23
-O
ct
-7
5
22
-O
ct
-7
7
22
-O
ct
-7
9
21
-O
ct
-8
1
21
-O
ct
-8
3
20
-O
ct
-8
5
20
-O
ct
-8
7
19
-O
ct
-8
9
19
-O
ct
-9
1
18
-O
ct
-9
3
18
-O
ct
-9
5
17
-O
ct
-9
7
17
-O
ct
-9
9
Date
m
 A
H
D
Am
m
o
n
i
a
 
a
s
 
N
B
O
D
C
h
l
o
r
o
p
h
y
l
l
 
A
C
o
n
d
u
c
t
i
v
i
t
y
 
D
i
s
s
o
l
v
e
d
 
O
x
y
g
e
n
F
a
e
c
a
l
 
C
o
l
i
f
o
r
m
F
R
P
F
l
u
o
r
i
d
e
 
a
s
 
F
I
n
o
r
g
a
n
i
c
 
N
i
t
r
o
g
e
n
I
r
o
n
 
a
s
 
F
e
L
e
a
d
 
-
 
n
o
n
-
f
i
l
t
e
r
a
b
l
e
N
i
t
r
i
t
e
 
a
s
 
N
N
i
t
r
i
t
e
 
+
 
n
i
t
r
a
t
e
N
i
t
r
o
g
e
n
 
-
 
O
r
g
a
n
i
c
P
H
P
h
a
e
o
p
h
y
t
i
n
S
t
o
r
a
g
e
 
L
e
v
e
l
 
A
H
D
T
D
S
T
o
t
a
l
 
K
j
e
l
d
a
h
l
 
N
i
t
r
o
g
e
n
T
o
t
a
l
 
N
i
t
r
o
g
e
n
T
o
t
a
l
 
P
h
o
s
p
h
o
r
u
s
W
a
t
e
r
 
T
e
m
p
 
-
 
i
n
-
s
i
t
u
MONTH Pearson Correlation -0.01 -0.50 0.04 -0.44 0.07 0.12 -0.23 -0.59 -0.04 0.47 -0.75 -0.64 -0.49 -0.46 -0.05 0.16 0.46 -0.61 -0.49 -0.39 -0.17 -0.13
Sig. (2-tailed) 0.98 0.02 0.78 0.00 0.64 0.63 0.40 0.02 0.85 0.15 0.05 0.17 0.06 0.02 0.66 0.27 0.00 0.00 0.06 0.01 0.28 0.33
N 18 22 51 55 53 18 16 16 23 11 7 6 16 26 78 51 340 22 16 41 42 54
Ammonia as N Pearson Correlation . -0.26 -0.12 -0.33 . -0.04 . . . . 0.84 0.00 0.00 -0.23 -0.13 0.09 . -0.13 -0.10 -0.26 -0.23
Sig. (2-tailed) . 0.32 0.64 0.19 . 0.89 . . . . 0.03 0.99 0.99 0.36 0.62 0.74 . 0.64 0.69 0.30 0.37
N 0 16 18 18 2 16 0 2 1 0 6 16 5 18 16 16 0 16 18 18 17
BOD Pearson Correlation . . . -0.09 . 0.54 0.01 -0.39 0.20 . . 0.42 0.24 . -0.60 0.40 . 0.32 0.34 .
Sig. (2-tailed) . . . 0.73 . 0.03 0.97 0.27 0.67 . . 0.08 0.28 . 0.04 0.06 . 0.15 0.13 .
N 0 0 0 16 0 16 19 10 7 0 0 19 22 0 12 22 0 21 22 0
Chlorophyll A Pearson Correlation 0.23 0.60 . -0.35 . . . . -0.83 0.19 -0.02 0.11 0.87 -0.10 . 0.91 0.91 0.65 0.23
Sig. (2-tailed) 0.12 0.00 . 0.19 . . . . 0.17 0.49 0.99 0.45 0.00 0.50 . 0.00 0.00 0.01 0.11
N 49 49 0 16 0 0 1 0 4 16 3 48 51 47 0 16 16 16 49
Conductivity Pearson Correlation 0.18 -1.00 -0.29 . . . . -0.29 0.34 0.14 0.34 0.18 -0.73 . 0.90 0.87 -0.02 0.19
Sig. (2-tailed) 0.20 . 0.28 . . . . 0.57 0.20 0.83 0.01 0.20 0.00 . 0.00 0.00 0.93 0.17
N 51 2 16 0 2 1 0 6 16 5 53 49 52 0 16 18 18 52
Dissolved Oxygen Pearson Correlation -1 -0.17 . . . . -0.42 0.14 0.70 0.54 0.57 -0.12 . 0.32 0.43 0.27 -0.02
Sig. (2-tailed) . 0.53 . . . . 0.41 0.59 0.19 0.00 0.00 0.42 . 0.23 0.07 0.27 0.91
N 2 16 0 2 1 0 6 16 5 50 49 50 0 16 18 18 52
Faecal Coliform Pearson Correlation . -0.18 -0.08 0.55 -0.23 . . -0.01 -0.41 . -0.30 0.09 . -0.02 -0.26 .
Sig. (2-tailed) . 0.56 0.76 0.13 0.66 . . 0.96 0.09 . 0.38 0.75 . 0.94 0.30 .
N 0 13 17 9 6 2 0 17 18 0 11 16 0 17 18 1
FRP Pearson Correlation . . . . 0.03 0.36 -0.95 -0.45 -0.38 0.63 . -0.26 -0.22 0.21 -0.26
Sig. (2-tailed) . . . . 0.97 0.17 0.21 0.08 0.14 0.02 . 0.33 0.41 0.44 0.33
N 0 0 1 0 4 16 3 16 16 14 0 16 16 16 16
Fluoride as F Pearson Correlation 0.33 -0.48 0.75 . . 0.18 0.11 . 0.32 0.17 . 0.23 0.70 .
Sig. (2-tailed) 0.23 0.19 0.09 . . 0.51 0.69 . 0.40 0.52 . 0.39 0.00 .
N 15 9 6 0 0 15 16 0 9 16 0 16 16 0
Inorganic Nitrogen Pearson Correlation -0.25 0.16 . . -0.04 0.02 . 0.36 0.01 . 0.08 0.09 .
Sig. (2-tailed) 0.55 0.80 . . 0.87 0.94 . 0.21 0.98 . 0.72 0.70 .
N 8 5 2 0 23 23 0 14 19 0 23 23 1
Lead - non-filterable Pearson Correlation . . 0.32 0.11 . 0.36 0.68 . 0.25 0.36 .
Sig. (2-tailed) . . 0.60 0.82 . 0.64 0.09 . 0.63 0.43 .
N 0 0 5 7 0 4 7 0 6 7 0
Nitrite as N Pearson Correlation 0.08 . -0.34 -0.34 0.33 . -0.17 -0.16 -0.07 -0.58
Sig. (2-tailed) 0.92 . 0.50 0.66 0.53 . 0.83 0.76 0.89 0.31
N 4 2 6 4 6 0 4 6 6 5
Nitrite + nitrate as N Pearson Correlation 0.87 -0.28 0.28 0.04 . 0.18 0.25 0.42 -0.46
Sig. (2-tailed) 0.33 0.30 0.29 0.89 . 0.50 0.35 0.10 0.07
N 3 16 16 14 0 16 16 16 16
Nitrogen - Organic Pearson Correlation 0.30 -0.05 -0.76 0.78 1.00 0.99 0.33 0.90
Sig. (2-tailed) 0.13 0.97 0.00 0.00 0.02 0.00 0.10 0.10
N 26 3 15 19 3 26 26 4
PH Pearson Correlation 0.07 -0.30 0.48 0.01 0.23 0.01 0.41
Sig. (2-tailed) 0.66 0.02 0.02 0.98 0.15 0.96 0.00
N 48 64 22 16 41 42 51
Phaeophytin Pearson Correlation -0.12 . 0.79 0.80 0.63 0.14
Sig. (2-tailed) 0.40 . 0.00 0.00 0.01 0.32
N 47 0 16 16 16 49
Storage Level AHD Pearson Correlation -0.70 -0.59 -0.68 -0.12 0.00
Sig. (2-tailed) 0.01 0.03 0.00 0.51 0.99
N 12 14 29 30 51
TDS Pearson Correlation . 0.77 0.05 .
Sig. (2-tailed) . 0.00 0.84 .
N 0 21 22 0
Total Kjeldahl Nitrogen Pearson Correlation 1.00 0.50 0.20
Sig. (2-tailed) 0.00 0.05 0.46
N 16 16 16
Total Nitrogen Pearson Correlation 0.24 0.21
Sig. (2-tailed) 0.13 0.42
N 41 17
Total Phosphorus Pearson Correlation -0.18
Sig. (2-tailed) 0.48
N 17
Water Temp - in-situ Pearson Correlation
Sig. (2-tailed)
N
* Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).
a Cannot be computed because at least one of the variables is constant.
Table 5.2-9  Thomsons Lake water column Pearson correlations
Mean Median
Std. 
Deviation Minimum Maximum Range
Interquartile 
Range Skewness Kurtosis Normality
Bound Bound
BOD 3.798 3 2.627 2.633 4.963 0.05 10.3 10.25 3.575 0.996 0.471 0.903
Chlorophyll A 33.974 15.95 58.857 17.42 50.528 1.095 375 373.905 30.625 4.264 22.697 0.533
Conductivity 400 340 202 345 454 160 1191 1031 229 1.892 4.457 0.83
DO 8.627 8.15 2.877 7.834 9.419 1.2 17.825 16.625 2.75 0.904 2.123 0.927
Faecal Coliform 20.611 12 21.896 9.723 31.5 0 75 75 15.75 1.623 2.081 0.788
Fluoride as F 0.322 0.2 0.22 0.205 0.439 0.05 0.8 0.75 0.263 1.03 0.122 0.87
Iron as Fe 0.286 0.3 0.152 0.184 0.388 0.13 0.6 0.47 0.24 0.85 0.062 0.887
Phaeophytin 5.032 2.09 9.332 2.408 7.657 0.18 48.775 48.595 4.1 4.028 16.975 0.468
FRP 0.056 0.033 0.058 0.025 0.087 0.002 0.185 0.183 0.088 0.968 -0.055 0.853
Ammonia as N 0.085 0.05 0.158 0.007 0.164 0.012 0.704 0.692 0.066 3.96 16.296 0.429
Total Kjeldahl N 5.248 4.723 3.058 3.618 6.878 1.75 14.95 13.2 3.016 2.276 6.73 0.779
Nitrite as N 0.038 0.033 0.037 0 0.077 0.003 0.101 0.098 0.054 1.043 0.636 0.881
Nitrite + nitrate 0.215 0.05 0.28 0.066 0.365 0.003 0.797 0.794 0.431 1.162 -0.056 0.762
Nitrogen - Organic 3.433 3.05 1.965 2.64 4.227 0.5 8.5 8 1.95 1.13 1.255 0.906
Nitrogen Inorganic 0.248 0.25 0.233 0.147 0.348 0.05 1 0.95 0.3 1.794 3.946 0.804
Total Nitrogen 4.265 3.555 2.599 3.444 5.085 0.75 14.957 14.207 2.884 1.957 6.058 0.849
Lead 0.07 0.06 0.033 0.039 0.101 0.04 0.12 0.08 0.06 0.499 -1.674 0.854
pH 8.372 8.388 0.666 8.222 8.522 6.4 10.385 3.985 0.512 0.087 2.733 0.921
Total Phosphorus 0.228 0.21 0.17 0.175 0.281 0.01 0.9 0.89 0.167 1.957 5.901 0.831
TDS 2594 2020 1718 1832 3356 1050 8630 7580 1799 2.322 6.724 0.758
Water Temp 20.354 21.825 4.387 19.157 21.552 12.1 27.7 15.6 7.219 -0.23 -1.166 0.945
Table 5.2-10  Thomsons Lake water column descriptive statistics
95% Confidence Interval 
for Mean
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5.2.5. Lake summary 
 
Nitrogen 
 
All of lakes exceed the CEPIS eutrophic guideline value for total nitrogen by 
up to 15 times.  The average values for organic an inorganic nitrogen are 
highest in the northern lakes (Bibra and Yangebup) and there is a general trend 
across all of the lakes for slight increases in the values.  The ammonia values 
are consistent across the lakes.  Of the total nitrogen found in the Beeliar 
Lakes, the majority of this is comprised of organic nitrogen. 
 
Phosphorus 
 
All of the lakes exceed the CEPIS eutrophic guideline value for total 
phosphorus by up to 60 times.  The highest average reading is in Bibra Lake 
which is twice that of the other lakes.  
 
BOD, Chlorophyll-a, Phaeophtyin, Dissolved Oxygen,  
 
The BOD and faecal coliform loading in Bibra Lake is 2 orders of magnitude 
higher than in the other lakes whilst the Phaeophtyin values (along with 
Yangebup Lake) are 1 order higher.  These parameters appear to be relatively 
constant (saving a slight increase) over time.  The BOD level in Thomson Lake 
is decreasing. 
 
Whilst the southern lakes (Kogolup North and South and Thomson) have the 
lowest Chlorophyll-a readings, these lakes are still 4 times the NWQMS 
guideline value.  By comparison, Bibra Lake is 15 times the Chlorophyll A 
guideline.  The Dissolved Oxygen values are similar across all the lakes. 
 
Metals 
 
The level of copper, lead and zinc in all of the lakes exceed the guideline 
values by as much as 70 times whilst iron levels are approaching the 
guidelines.  For all of the metals, Yangebup Lake consistently ranks high 
amongst all of the lakes. 
 
pH and storage levels
 
All of the lakes exceed the guidelines for pH and there appears to be a 
relationship between the lakes with respect to the storage levels. 
 
Summary 
 
Table 5.2-11 provides a summary and comparison for the lakes.  This table 
indicates that whilst there are some differences between the nutrient 
concentrations across the lakes, they are all under similar stresses due to 
elevated nutrients. 
 
 
 
Table 5.2-11  Beeliar Lakes water column comparisons 
Analyte  Bibra North Yangebup Kogolup (North) Kogolup (South) Thomsons 
BOD 2 magnitude higher than other 
Lakes 
 Constant   Decreasing 
Chlorophyll A 15 times the Guideline 
Almost equal highest reading 
Highest 
Slight decrease 
10 times the Guideline 
Decreasing 
Lowest 
4 times the Guideline 
Lowest 
4 times the Guideline 
7 times the Guideline 
Constant 
Faecal Coliform Order of magnitude higher than 
other Lakes 
Slight increase Increasing with time   Lowest  
Constant 
Copper as Cu 13 times the Guideline  22 times the Guideline 
Slight decrease 
  5 times the Guideline (2 
readings only) 
Iron as Fe Less than Guideline 
Slight increase 
 Equal highest 
Less than Guideline 
Equal lowest Equal highest  
Less than Guideline 
Lead 47 times the Guideline  58 times the Guideline   70 times the Guideline 
Highest 
Zinc as Zn 7 times the Guideline  30 times the Guideline 
Highest.  Constant 
  5 times the Guideline 
Lowest 
pH Exceeds Guideline 
Constant 
Exceeds Guideline 
Constant 
Highest 
Constant 
Exceeds Guideline 
Increasing 
Lowest 
Exceeds Guideline 
Exceeds Guideline 
Constant 
Storage Level Similar level to other Lakes Lowest average 
Largest variation 
Similar level to other Lakes Similar level to other Lakes Similar level to other 
Lakes 
Lowest average 
Water Temp Temperature similar across all lakes 
Conductivity  Equal highest (brackish)  
Increasing 
Equal highest 
(brackish)  
Fresh water (300mg/L)  
Increasing 
Fresh water (300mg/L)  
Increasing 
Fresh water (300mg/L)  
 
Fresh water (300mg/L)  
Increasing 
Nitrogen – 
Ammonia 
Constant Slight decrease Constant Highest 
Constant 
Slight increase Constant 
Nitrogen – 
Inorganic 
Highest 
Constant 
 Medium 
Constant 
  Lowest 
Decreasing 
Nitrate as N Medium 
Constant 
 Highest   Lowest 
Nitrite + nitrate  Slight decrease Lowest 
Constant 
Decreasing Highest 
Constant 
Decreasing 
Nitrogen – 
Organic 
Equal Highest 
Slight increase 
Lowest 
Constant 
Equal Highest 
Marginal increase 
Slight increase  Increasing 
Nitrogen – 
Kjeldahl 
 Marginal decrease  Equal Highest 
Increasing 
Equal Highest 
Constant 
Equal Highest 
Constant 
Nitrogen – Total Equal Highest 
Increasing 
10 times Guideline 
Lowest.  Constant 
Equal Highest 
Constant 
Equal Highest 
Increasing 
Equal Highest 
Constant 
Increasing 
Phosphorus – 
Total 
Highest 
60 times the Guideline 
Constant Decreasing Lowest 
20 times the Guideline 
Constant Constant 
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Ammonia NO2 NO2+NO3 Inorganic Organic Kjeldahl Total Organic Ortho Filterable Total
Units mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
NWQMS Guideline Value
Regulatory Guideline (Table 8.2.2.1)
Wetlands A (Table 3.3.6, 3.3.7) 0.040 0.100 1.500 0.030 0.060
NWQMS 95% B (Table 3.4.1, 3.4.2) 0.310 0.017
CEPIS Classification Eutrophic Limit 1.875 0.03 0.084
Values 41 49 26 68 76 80
Start Date 26-Mar-85 26-Mar-85 29-Apr-70 29-Apr-70 29-Apr-70 29-Apr-70
End Date 25-May-99 25-May-99 25-Sep-84 25-May-99 25-May-99 25-May-99
Mean 0.330 0.134 0.966 5.190 5.503 0.677
Median 0.037 0.018 0.400 4.079 4.515 0.536
Std. Deviation 0.631 0.224 1.572 3.583 3.411 0.531
Skewness 2.557 2.002 2.577 1.880 1.968 1.630
Kurtosis 6.09 3.37 6.11 4.89 5.83 2.46
Normality 0.570 0.642 0.584 0.835 0.840 0.824
N 30 62 93 62 94 44 44 96
Start Date 25-Jan-95 25-Jan-95 12-May-70 25-Jan-95 12-May-70 25-Jan-95 25-Jan-95 12-May-70
End Date 23-Feb-99 23-Feb-99 23-Feb-99 23-Feb-99 23-Feb-99 23-Feb-99 23-Feb-99 23-Feb-99
Mean 0.198 0.085 2.202 2.770 2.714 0.198 0.066 0.233
Median 0.030 0.009 1.750 2.394 2.400 0.140 0.022 0.150
Std. Deviation 0.349 0.194 2.692 2.865 2.589 0.165 0.090 0.258
Skewness 2.418 3.145 1.852 1.648 1.667 1.905 2.234 2.203
Kurtosis 5.27 10.09 4.15 3.55 3.92 3.82 6.24 6.59
Normality 0.588 0.492 0.788 0.829 0.848 0.785 0.711 0.787
Values 70 12 74 31 78 74 84 47 46 30 106
Start Date 26-Mar-85 26-Mar-85 17-May-94 29-Apr-70 29-Apr-70 17-May-94 01-Oct-80 27-Jan-95 27-Jan-95 17-May-94 29-Apr-70
End Date 15-Jun-99 14-Oct-86 15-Jun-99 17-Dec-87 15-Jun-99 15-Jun-99 15-Jun-99 18-May-99 18-May-99 15-Jun-99 15-Jun-99
Mean 0.178 0.030 0.053 0.572 5.180 4.680 5.136 0.151 12.283 0.035 0.373
Median 0.016 0.027 0.009 0.300 4.294 4.186 4.250 0.136 10.000 0.010 0.166
Std. Deviation 0.794 0.029 0.146 1.012 2.963 2.833 3.296 0.072 14.969 0.078 0.492
Skewness 6.818 1.157 5.038 3.645 2.143 4.863 3.636 1.801 3.186 3.818 3.109
Kurtosis 50.22 1.44 28.30 13.81 5.61 28.89 15.78 3.91 12.59 15.76 12.94
Normality 0.214 0.851 0.361 0.486 0.779 0.520 0.591 0.830 0.657 0.436 0.625
Values 16 20 12 20 19 6 20
Start Date 18-May-94 18-May-94 13-Dec-94 18-May-94 13-Dec-94 12-Aug-92 18-May-94
End Date 21-Oct-98 02-Dec-98 21-Oct-98 02-Dec-98 02-Dec-98 24-Aug-99 02-Dec-98
Mean 0.392 0.170 4.467 5.337 5.343 0.063 0.204
Median 0.101 0.075 4.424 4.925 5.001 0.061 0.204
Std. Deviation 0.609 0.310 1.807 2.247 2.247 0.050 0.058
Skewness 1.621 3.239 2.194 1.747 1.886 0.777 1.031
Kurtosis 1.06 11.32 6.12 2.93 3.43 0.73 2.81
Normality 0.652 0.550 0.755 0.800 0.763 0.950 0.929
Values 18 8 8 8 8 8
Start Date 17-May-94 17-May-94 17-May-94 17-May-94 17-May-94 17-May-94
End Date 09-Apr-99 09-Apr-99 09-Apr-99 09-Apr-99 09-Apr-99 09-Apr-99
Mean 0.210 0.973 5.087 5.950 0.051 0.339
Median 0.062 0.036 4.019 4.145 0.029 0.113
Std. Deviation 0.402 2.283 3.249 5.407 0.073 0.652
Skewness 3.334 2.713 1.831 2.442 2.184 2.821
Kurtosis 12.27 7.46 3.66 6.32 5.23 7.97
Normality 0.545 0.507 0.769 0.646 0.709 0.452
Values 18 6 16 23 26 16 41 16 42
Start Date 24-Sep-85 24-Sep-85 18-May-94 29-Apr-70 29-Apr-70 18-May-94 29-Apr-70 18-May-94 29-Apr-70
End Date 21-Oct-97 23-Dec-96 21-Oct-97 17-Dec-87 21-Oct-97 21-Oct-97 21-Oct-97 21-Oct-97 21-Oct-97
Mean 0.085 0.038 0.215 0.248 3.433 5.248 4.265 0.056 0.228
Median 0.050 0.033 0.050 0.250 3.050 4.723 3.555 0.033 0.210
Std. Deviation 0.158 0.037 0.280 0.233 1.965 3.058 2.599 0.058 0.170
Skewness 3.960 1.043 1.162 1.794 1.130 2.276 1.957 0.968 1.957
Kurtosis 16.30 0.64 -0.06 3.95 1.25 6.73 6.06 -0.05 5.90
Normality 0.429 0.881 0.762 0.804 0.906 0.779 0.849 0.853 0.831
# Values from NWQMS, (Table 3.4.1 - 99% survival of organisms) unless noted otherwise
A - NWQMS (2000) - Table 3.3.6 and 3.3.7 - Lakes - default triger values for physical and chemical stressors for slightly disturbed systems in southern Western Australia
B - NWQMS (2000) - Table 3.4.1 and 3.4.2 - Lakes - triger values for toxicants stressors for slightly - moderately disturbed systems in southern Western Australia
Nitrogen Phosphorous
Lake
Bibra
Thomson
North
Yangebup
Kogolup 
North
Kogolup 
South
Table 5.2-12  Belliar Lakes descriptive statistics and water guideline values
Units mg/L % ug/L No. Haz ms/m Blnk m AHD mg/L Deg C mg/L mg/L mg/L mg/L mg/L
NWQMS Guideline Value
Regulatory Guideline (Table 8.2.2.1) 90 30 7.0 to 8.5
Wetlands A (Table 3.3.6, 3.3.7) 90 3 to 5 7.0 to 8.5
NWQMS 95% B (Table 3.4.1, 3.4.2) 300 - 1500 6.5  - 8.0 0.001 0.3 0.001 0.002
CEPIS Classification Eutrophic Limit
Values 27 47 35 46 32 45 82 111 512 28 81 24 23
Mean 764 75.9 757 22.6 675 4.7 1334 8.7 14.709 1658 21.1 0.188 0.167
Median 580 53.4 43 16.8 462 3.7 1246 8.6 14.736 1215 21.8 0.175 0.110
Std. Deviation 787 94.2 1737 17.0 516 5.2 498 0.7 0.557 1164 4.4 0.140 0.163
Skewness 2.34 3.29 3 0.94 1.567 5.15 -0.156 0.202 -0.393 1.470 -0.627 1.344 1.401
Kurtosis 6.06 14.88 9.09 0.32 1.88 27.86 0.76 -0.48 0.28 1.82 -0.29 2.10 1.71
Normality 0.731 0.681 0.496 0.921 0.811 0.316 0.956 0.986 0.990 0.836 0.955 0.884 0.838
N 42 36 42 44 67 102 62 29 67
Mean 83.3 73 19.2 4.7 1457 8.4 13.57 536 20.0
Median 30.0 15 14.2 4.7 1200 8.2 13.60 474 20.5
Std. Deviation 121.6 123 18.8 1.1 689 0.9 0.41 212 4.3
Skewness 2.48 2.264 2.072 0.371 2.283 0.334 -0.274 0.315 -0.436
Kurtosis 7.28 5.05 4.79 0.80 6.86 -0.78 -0.51 0.61 -0.24
Normality 0.67 0.656 0.776 0.976 0.767 0.968 0.971 0.964 0.977
Values 25 85 117 32 116 14 49 90 173 27 155 12 21 20 12 16
Mean 7.17 9.60 51.1 58 11.0 1311 13.2 245 8.8 3284 20.6 0.022 0.217 0.250 0.058 0.063
Median 5.00 9.43 39.5 23 7.6 627 7.6 232 8.8 2240 21.9 0.020 0.200 0.190 0.040 0.020
Std. Deviation 6.71 1.87 52.7 92 11.6 1550 25.3 67 0.4 2662 4.3 0.013 0.146 0.273 0.028 0.155
Skewness 1.84 1.10 2.94 2.896 2.073 1.919 4.418 0.224 -0.736 2.376 -0.206 0.917 0.694 2.029 1.399 3.933
Kurtosis 2.85 2.67 11.94 9.53 6.10 2.65 19.60 0.60 1.20 6.40 -0.94 0.59 -0.41 4.71 0.75 15.62
Normality 0.75 0.94 0.72 0.629 0.800 0.666 0.307 0.971 0.957 0.716 0.962 0.829 0.883 0.762 0.688 0.352
Values 61 66 66 67 61
Mean 7.71 22.2 3.3 319 20.8
Median 7.55 13.9 2.5 295 19.6
Std. Deviation 2.35 22.5 2.9 116 4.8
Skewness 0.30 1.56 2.572 1.119 0.145
Kurtosis -0.56 2.40 8.19 0.67 -1.10
Normality 0.98 0.83 0.739 0.891 0.958
Values 65 70 61 70 58 66
Mean 7.07 16.0 2.6 280 8.2 21.2
Median 7.07 9.7 1.9 259 8.2 22.9
Std. Deviation 1.82 18.0 2.4 104 0.3 4.6
Skewness -0.06 2.72 2.271 1.076 0.517 -0.262
Kurtosis -0.63 8.71 5.89 0.90 1.26 -1.22
Normality 0.98 0.70 0.755 0.918 0.947 0.937
Values 22 53 51 18 51 55 78 22 54 16 11 7
Mean 3.80 8.63 34.0 21 5.0 400 8.4 2594 20.4 0.322 0.286 0.070
Median 3.00 8.15 16.0 12 2.1 340 8.4 2020 21.8 0.200 0.300 0.060
Std. Deviation 2.63 2.88 58.9 22 9.3 202 0.7 1718 4.4 0.220 0.152 0.033
Skewness 1.00 0.90 4.26 1.623 4.028 1.892 0.087 2.322 -0.230 1.030 0.850 0.499
Kurtosis 0.47 2.12 22.70 2.08 16.98 4.46 2.73 6.72 -1.17 0.12 0.06 -1.67
Normality 0.90 0.93 0.53 0.788 0.468 0.830 0.921 0.758 0.945 0.870 0.887 0.854
# Values from NWQMS, (Table 3.4.1 - 99% survival of organisms) unless noted otherwise
A - NWQMS (2000) - Table 3.3.6 and 3.3.7 - Lakes - default triger values for physical and chemical stressors for slightly disturbed systems in southern Western Australia
B - NWQMS (2000) - Table 3.4.1 and 3.4.2 - Lakes - triger values for toxicants stressors for slightly - moderately disturbed systems in southern Western Australia
Thomson
pH
Yangebup
Kogolup North
Kogolup South
Bibra
North
Lake BOD TDS Pb ZnTemp Copper Flouride FeDO Chlorophyll F-Coli Phaeophytin Chloride Colour Conductivity Storage
Table 5.2-12  Beeliar Lakes descriptive statistics and water guideline values
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5.3. Lake sediments 
The previous chapter discussed the results for the analytes in the water column 
in the lakes.  An assessment of the nutrient status of a lake's water column is of 
significance as this is the environment in which any plant life, including algal 
activity, physically lives and any nutrients available in the water column are 
readily available.  However, the lake's sediments are an important component 
of a lake's nutrient stores.  The nutrients may be contained within the pores 
between the sediment particles or adsorbed to the surface of the soil particles.  
Under particular conditions, these nutrients can be released back into the water 
column. 
 
de Medina (2003) studied the nitrogen mobility at the sediment-water interface 
of Lake Maracaibo, Venezuela and stated that; 
• the behaviour of nitrogen was strongly influenced by nitrate concentrations 
under aerobic conditions, and by organic nitrogen under anaerobic 
conditions during the course of the experiment; 
• a major trend for the release of organic nitrogen during anaerobic 
conditions, and of nitrate, during aerobic conditions, was observed; and, 
• fluxes of NO3-, NH4+, organic N and total nitrogen across the sediment-
water interface were measured.  
 
Datry (2003) undertook chemical analysis of pore water stored in the 
infiltration bed and the results of slow filtration column experiments showed 
that oxidation of organic carbon led to almost permanent anoxic conditions and 
resulted in the release of ammonium, phosphates and dissolved organic carbon 
during dry-weather periods. 
 
This section will review the monitoring data for the sediments, and in 
particular the nutrient components, in Thomsons Lake, the Kogolup Lakes and 
Yangebup Lake.  Sediment data has not been collected for Bibra Lake and 
therefore will not be discussed here. 
 
5.3.1. Nitrogen – pore water and sediments 
 
The monitoring sites and their associated results for total nitrogen in the 
sediment's pore water for Kogolup, Yangebup and Thomsons Lakes are 
presented in Figures 5.3-1 and indicate concentrations exceeding 10 mg/L on 
almost all occasions.  The results for the individual Lakes are presented in 
Figures 5.3-2, 5.3-3 and 5.3-4 and include the concentrations in the Lakes 
water column. 
 
With regards to the nitrogen adsorbed to the lake’s sediments, there is a very 
limited set of data available (one result at each sample site) and this is for total 
kjeldahl nitrogen, which makes up approximately 80-90% of total nitrogen.  
The results presented in Figure 5.3-5 are a conservative estimate of the total 
nitrogen potentially available.   
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Table 5.3-1 provides a summary of the data presented in these figures as well 
as the mass of total nitrogen potentially available in the sediment portion of 
each Lake.  
 
 
Table 5.3-1  Total nitrogen potentially available in each lake's sediments 
Total Nitrogen 
Lake Total Area Pore Water Sediments  
  Conc Mass Conc Mass Total Mass 
 (ha) (mg/L) (kg) (mg/kg) (kg) (kg) 
       
Thomsons 250 8.60 650 12650 4110 4760 
Kogolup (S) 14 11.86 50 20000 360 410 
Kogolup (N) 44 13.58 180 20000 1140 1320 
Yangebup 90 19.66 530 17525 2050 2580 
       
Assumed values – 30% moisture content, 0.1 m sample depth, soil density 1.3 kg/m3 
 
The results in Table 5.3-1 indicate that in addition to the total nitrogen that is 
available in the lake’s water column, there is potentially a large bank available 
in the sediments that can be potentially released into the water column.  This 
aspect will be examined in more detail and in the context of the other sources 
of nutrients in Chapter 5 – Discussion. 
 
Figure 5.3-1.  Total Nitrogen in the pore water for all Lakes 
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Figure 5.3-2.  Total Nitrogen in the sediment pores and water column for Thomsons Lake 
 
 
Figure 5.3-3.  Total Nitrogen in the sediment pores and water column for Yangebup Lake 
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Figure 5.3-4.  Total Nitrogen in the sediment pores and water column for Kogolup Lakes (North and 
South) 
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Figure 5.3-5.  Lake sediment nutrient concentration - total kjeldahl nitrogen 
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5.3.2. Phosphorus – pore water and sediments 
 
A similar assessment of the total phosphorus in the sediment's pore water for 
Kogolup, Yangebup and Thomsons Lakes was undertaken and the results are 
presented in Figure 5.3-6.  This figure indicates the concentrations exceed 
0.5mg/L on almost all occasions and values greater than 2.0 mg/L are not 
uncommon.  The results for the individual Lakes are presented in Figures 5.3-7 
to 5.2-10. 
 
Figure 5.3-6  Total phosphorus in sediment pore water - Kogolup Lake (North and South) 
 
 
Figure 5.3-7  Total phosphorus in sediment pore water - Kogolup Lake (North and South) 
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Figure 5.3-8  Total phosphorus in sediment pore water - Yangebup Lake  
 
 
 
Figure 5.3-9  Total phosphorus in sediment pore water - Thomsons Lake 
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Figure 5.3-10 Total phosphorus in adsorbed to lake sediments 
 
Table 5.3-2  Total phosphorus in lake's sediments and pore water 
Total Phosphorus 
Lake Area Pore Water Sediments  
  Conc Mass Conc Mass Total Mass 
 (ha) (mg/L) (kg) (mg/kg)   
       
Thomsons 250 1.04 80 423 140 220 
Kogolup (S) 14 1.22 5 880 15 20 
Kogolup (N) 44 1.07 15 600 35 50 
Yangebup 90 1.25 35 1053 125 160 
Assumed values – 30% moisture content, 0.1 m sample depth, soil density 1.3 kg/m3 
 
The results in Table 5.3-2 indicate a similar situation as presented earlier for 
total nitrogen in that there is potentially a large bank of total phosphorus 
available in the sediments that can be released into the water column when 
prevailing conditions exist.  It is likely that this bank is a result of the gradual 
accumulation of natural and artificial (i.e., human) nutrient deposition in the 
catchment that has been transported via surface water flow into the lakes. 
 
5.4. Catchment surface water data analysis 
The Beeliar Lakes surface water catchment is has a moderately defined 
drainage system that is characterized, on a broad scale, as undulating and 
provides numerous prospects for surface water to be captured and infiltrate 
through to the groundwater system.  The system has a moderate degree of 
topographic relief (i.e., 30m AHD to 10m AHD).  In some instances, there are 
limited opportunities for surface flow to enter some of the lakes (e.g., there is 
only one main inlet for the large catchment area for Thomson Lake) whilst 
urban development has facilitated inlets for other lakes (e.g., Kogolup Lake). 
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5.4.1. Available monitoring data 
 
As indicated earlier, the Lakes receive surface water as well as groundwater in 
their water balance.  Historically, (i.e., pre European settlement) surface water 
would have flowed towards the Lakes via natural channels.  This may have 
limited the ability of surface water to enter the Lakes, simply on the basis of 
the banks surrounding the Lakes may have been higher than the surrounding 
land.  In particular lakes, namely Thomson Lake, the significant proportion of 
the surface water catchment enters the lake via one entrance.  Since 
urbanisation, man-made channels and drainage systems have “utilised” the 
lakes as compensation basins to form part of the regional drainage system. 
 
In 1992, the Bartram Road and Hird Road “buffer” lakes were constructed 
upstream of Thomson and Kogolup Lakes, respectively, to intercept and “treat” 
the surface water before it entered these Lakes.  The treatment was initially 
designed to manage the phosphorus entering the Lakes.  Water quantity and 
quality data collected from 1992 to 2002 at the inlet and outlet of these buffer 
lakes has been utilised. 
 
For Yangebup Lake, monitoring of water quantity and quality data have been 
collected at the Parkes Street sample point.  
 
In order to assess the nutrient concentration that the surface water contributes 
to the Lakes, analysis of the data collected on the inflow at the Bartram Road 
and Hird Road sites was utilised.  The monitoring that has taken place at these 
sites is a blend of auto-sample composite over a 24-hour period (significant 
majority of all nutrient data results), in-situ observations and grab samples.  
With regards to the flow data, it is a continuous record.  That is, flow data was 
collected on a daily basis for the days when flow was present.  Of particular 
interest is the inflow data as this contains details of the quality of the surface 
water that has been flowing off the catchment.  It is suggested that this 
information can provide an indication of the water quality that would have 
historically discharged off this catchment, saving for any recent changes in 
land use.  
 
Details of the nutrient concentrations for Thomsons, Kogolup and Yangebup 
Lakes are presented later in this thesis. 
 
Data collected from the relevant buffer lake forms the basis of assessment of 
the catchments' water quantity and quality characteristics.  Due to the fact that 
the nutrient data were collected on selective days whilst the flow data were 
recorded continuously, an assumption was made that the nutrient loads 
increased / decreased incrementally from the particular day to the next day that 
had data recorded.  For example, the total nitrogen data values that were 
collected on 1 January and 1 February were 2.26mg/L and 2.74mg/L 
respectively.  There are 31 days between these two dates and 0.48mg/L 
difference in total nitrogen concentration.  Therefore, the reading on 10 
January was assumed to be 2.41mg/L (= 2.26 + 10/31*0.48).  This assumption 
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is supported by the data presented in Figure 5.4-1 which is actual daily 
recordings of the total phosphorus from the inflow to the Hird Road Buffer 
Lake. 
 
Hird Road Buffer Lake 
Continuous daily monitoring of total phosphorus (July 2001 - Dec 2001)
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Figure 5.4-1 Continuos total phosphorus monitoring of surface water inflow to Hird Road Buffer Lake 
 
In order to estimate the nutrient load coming off the catchment and through the 
surface water drainage network, the nutrient concentration was multiplied by 
the recorded flow.  The volume change in a particular Lake was determined by 
using bathometry details and recorded water levels in the Lake itself.  That is, 
the surface water volume was a proportion of only the increased change in the 
water storage from the lowest annual surface water level to the highest annual 
level.  An assumption was made that there was a gradual change in the Lake's 
water level from one reading date to the next and the concept described above 
was employed.  Any effects of groundwater entering the Lake, rain falling on 
the surface of the Lake or evaporation from the Lake has not been considered 
as part of this calculation as the focus in this section was on the surface water. 
 
It is on this basis that the quality and quantity of surface water entering 
Thomsons Lake, the Kogolup Lakes and Yangebup Lake from their respective 
catchments were estimated. 
 
5.4.2. Water quantity 
 
Thomsons Lake 
 
The data collected at the Bartram Road inflow site are considered to be a good 
representation of the flow and nutrient loadings that have historically been 
coming from the Thomsons Lake catchment.  This is due to the fact that the 
buffer lake did not alter any portion of the upstream catchment or the flows that 
traditionally would have passed through Thomsons Lake.  Figure 5.4-2 has 
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been constructed by utilisation of the total annual inflow, as measured from the 
Bartram Road buffer lake inflow, and the change in the water level in 
Thomsons Lake and provide details of the influence of the volume of surface 
water flowing into Thomsons Lake.  This figure indicates that the groundwater 
is the dominant factor in the Lake's water balance as the water level in 
Thomsons Lake begins to fall even though the surface water flowing into the 
Lake continues for a further 2 months.  To put the volume of water into context 
with the storage capacity of Thomsons Lake, the maximum flow of almost 
900 000kL in 1999 is about the same volume of water at 12.6 m AHD.  This 
water level was reached on a number of occasions (1993 - 1996) when the 
surface flow was much less than the 1999 volume.   
 
The literature review provided limited research into Thomsons Lake.  On the 
basis of Figure 5.4-2, the surface water does not have a dominant effect on the 
water balance and it is likely that the groundwater is a more controlling 
influence. 
 
Figure 5.4-2 Bartram Road Buffer Lake inflow and Thomsons Lake storage level (1992 - 2002) 
 
Kogolup Lake (North and South) 
 
Following the same philosophy as that described for Bartram Road Buffer 
Lake, data collected at the Hird Road Buffer Lake inflow site was utilised to 
provide an assessment of the relationship between the surface water volume 
and characteristics and the Kogolup Lakes.  Details of annual inflow volumes 
and total nitrogen for the Kogolup Lakes and catchment are presented in 
Figure 5.4-3.   
 
As for Thomsons Lake, the surface water discharging into the Kogolup Lakes 
does not appear to be a dominant influence of the water balance.  The largest 
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surface water flow into Kogolup Lake is about 38 000kL which is the 
14.5 m AHD water level in the Lake. 
 
The literature review failed to locate any studies into the Kogolup Lakes.  On 
the basis of Figure 5.4-3, the groundwater appears to have a controlling 
influence in the water balance for the Kogolup Lakes. 
 
 
Figure 5.4-3 Kogolup Lake storage and Hird Road inflow volume (1992 – 2002) 
 
Yangebup Lake 
 
The same analysis presented above was also undertaken for Yangebup Lake 
and the results are presented in Figure 5.4-4.  The largest flow into the lake was 
about 900 000 kL which is the 15.5 m AHD water level.  This figure provides a 
similar result to Thomsons and Kogolup Lakes indicating the dominant 
influence of the groundwater on the water level and associated volume in the 
Lakes.  
 
The literature review reported that there was a conflict between work done by 
Martinick McNulty (2000) and that by G.B. Hill and Partners (1990) and 
Ecoscape Pty Ltd (1995).  The first author indicated the groundwater 
contributes relatively little to the water that enters the lake whilst the latter 
suggest that the groundwater is a significant component of the lake’s water 
balance.  Figure 5.4-4 supports the latter conclusion. 
 
The findings presented above indicating that the surface water plays a 
supporting role in the water balance for the Beeliar Lakes is also by 
Figure 5.4-5, which provides a longer history of water levels in the various 
Lakes as well as the annual rainfall in the area.  As surface water flow is 
correlated to the rainfall, this figure shows that there has been a slight decline 
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in the annual rainfall whilst the Lake's water levels have risen and fallen almost 
as one on a yearly basis as well as over a period of years. 
 
Yangebup Lake water level and annual surface water inflow 
(1993 - 2002 at Parkes Street sample point)
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Figure 5.4-4   Yangebup Lake storage and Parkes Road inflow volume (1993 – 2002) 
 
 
Figure 5.4-5   Beeliar Lakes water levels (1960 – 2000) 
 
Beeliar Lakes Water Levels ( ~ 1960 - 2000) and Annual Rainfall
10
11
12
13
14
15
16
17
18
M
ar
-6
0
M
ar
-6
2
M
ar
-6
4
M
ar
-6
6
M
ar
-6
8
M
ar
-7
0
M
ar
-7
2
M
ar
-7
4
M
ar
-7
6
M
ar
-7
8
M
ar
-8
0
M
ar
-8
2
M
ar
-8
4
M
ar
-8
6
M
ar
-8
8
M
ar
-9
0
M
ar
-9
2
M
ar
-9
4
M
ar
-9
6
M
ar
-9
8
M
ar
-0
0
M
ar
-0
2
Date
La
ke
 w
at
er
 le
ve
l (
m
 A
H
D
)
0
200
400
600
800
1000
1200
1400
1600
A
nn
ua
l R
ai
nf
al
l (
m
m
/y
ea
r)
Bibra KSouth North Thompson Yangebup Annual Rainfall Linear (Annual Rainfall)
 133
5.4.3. Water quality – total nitrogen 
 
Thomsons Lake 
 
Utilising the data from the Bartram Road Buffer Lake, the amount of total 
nitrogen discharging into Thomsons Lake from the surface water was estimated 
for which the results are presented in Table 5.4-1 and Figures 5.4-6 and 5.4-7 
and indicate that:   
• for the period of monitoring of total nitrogen coming off the catchment 
(i.e., the inflow as measured at Bartram Road buffer lake), the flow-
weighted concentration very rarely exceeds 3.0mg/L yet the nitrogen 
concentration for Thomson Lake for the same period reaches up to 8.0mg/L 
and only on one occasion is below this 3.0mg/L value; 
• the catchment nitrogen flow-weighted concentration is relatively constant 
(i.e., between 2.0mg/L to 3.0mg/L at an average concentration of 2.7mg/L) 
over the monitoring period whilst Thomson Lake is significantly more 
variable; and, 
• there appears to be very little correlation for the total nitrogen 
concentration between the catchment and Thomson Lake.  This aspect is 
magnified in 2000, which had the largest catchment concentration yet 
Thomson Lake was close to its lowest values; 
• there is approximately 1200kg/year of total nitrogen entering Thomsons 
Lake due to the quality of the surface water inflow;   
 
Table 5.4-1 Bartram Road Buffer Lake Inflow and nitrogen concentration 
Year Surface Inflow 
Volume 
Surface Water Total 
Nitrogen Flow-weighted 
concentration 
Average 
Concentration
 (kL) (kg) mg/L 
    
1993 448400 1160 2.6 
1994 676700 1720 2.5 
1995 300900 730 2.4 
1996 636800 1860 2.9 
1997 185400 620 3.3 
1998 167800 360 2.1 
1999 347300 760 2.2 
2000 905200 3060 3.4 
2001 454300 1030 2.3 
2002 381100 1030 2.7 
 Average 1230 2.7 
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Figure 5.4-6   Thomsons Lake and Bartram Road Buffer Lake total nitrogen concentrations (1970 – 2002) 
 
 
 
Figure 5.4-7   Bartram Road Buffer Lake Inflow and flow-weighted nitrogen concentration (1993 – 2003) 
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Kogolup Lake (North and South) 
 
Utilising the data from the Hird Road Buffer Lake, the amount of total nitrogen 
discharging into Thomsons Lake from the surface water was estimated for 
which the results are presented in Table 5.4-2 and Figure 5.4-8. 
 
Table 5.4-2    Hird Road Buffer Lake Inflow and nitrogen concentration 
Year Surface Inflow 
Volume 
Surface water total 
nitrogen flow-weighted 
concentration 
Average 
Concentration 
 (kL) (kg) (mg/L) 
    
1994 34470 66 1.93 
1995 20137 23 1.15 
1996 37474 56 1.48 
1997 10758 9 0.85 
1998 17111 21 1.25 
1999 18941 32 1.67 
2000 25642 39 1.51 
2001 14227 18 1.29 
2002 22662 27 1.18 
   
Average 22380 32 1.37 
 
 
Figure 5.4-8   Kogolup Lake and Hird Road Buffer Lake nitrogen concentration (1993 – 2003) 
 
The results presented above for Kogolup Lake provide a similar finding as 
described earlier for the Thomsons Lake and its surface water flow.  That is;  
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• for the period of monitoring of total nitrogen coming off the catchment, the 
flow-weighted concentration very rarely exceeds 3.0mg/L yet the nitrogen 
concentration for Kogolup Lake for the same period reaches up to 
12.0mg/L and only on one occasion is below this 3.0mg/L value; 
• the catchment nitrogen flow-weighted concentration is relatively constant 
(i.e., between 1.0mg/L to 3.0mg/L at an average concentration of 1.4mg/L) 
over the monitoring period whilst Kogolup Lake is significantly more 
variable; and, 
• there appears to be very little correlation for the total nitrogen 
concentration between the catchment and Kogolup Lake; 
• there is approximately 30kg/year of total nitrogen entering Kogolup Lake 
from surface water inflow;   
 
Yangebup Lake 
 
Following the same concept as for the other lakes, the data from the Parkes 
Street monitoring point was utilised for assessment at Yangebup Lake.  The 
results for the amount of total nitrogen discharging into Yangebup Lake from 
the surface water are presented in Table 5.4-3 and Figures 5.4-9 and 5.4-10. 
 
Table 5.4-3   Parkes Street Inflow and nitrogen concentration 
Year Surface Inflow 
Volume 
Surface water total nitrogen 
flow-weighted concentration
Average 
Concentration 
 KL kg/yr mg/L 
1997 519 200 300 1.14 
1998 491 300 410 0.84 
1999 588 200 490 0.83 
2000 808 000 780 0.96 
2001 537 400 510 0.96 
2002 582 400 660 1.14 
Average 587 800 520 0.98 
 
Figure 5.4-9   Yangebup Lake and Parkes Street total nitrogen concentration (1980 – 2002) 
Yangebup Lake and Parkes Street Monitoring Point
Total Nitrogen Unfiltered (1980 - 2002)
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Figure 5.4-10   Yangebup Lake and Parkes Street total nitrogen concentration (1997 – 2002) 
 
The results presented above for Yangebup Lake provide a similar finding as 
described earlier for the Thomsons and Kogolup Lakes and their respective 
surface water flow.  That is;  
• for the period of monitoring of total nitrogen coming off the catchment, the 
flow-weighted concentration very rarely exceeds 2.0mg/L yet the nitrogen 
concentration for Yangebup Lake for the same period rarely goes below 
4.0mg/L; 
• the catchment nitrogen concentration is relatively constant around 1.0mg/L; 
• there appears to be very little correlation for the total nitrogen 
concentration between the catchment and Yangebup Lake, and; 
• there is approximately 520kg/year of total nitrogen entering Yangebup 
Lake from surface water inflow;   
 
5.4.4. Water quality – total phosphorus 
 
Thomsons Lake 
 
A similar assessment of the total phosphorus loading for Thomsons Lake and 
Bartram Road Buffer Lake was undertaken, for which the results are presented 
in Table 5.4-4 and Figures 5.4-11 and 5.4-12.  These results indicate that: for 
the period of monitoring of total phosphorus coming off the catchment, the 
concentration has exceeded 1.0mg/L on occasions and has an average of about 
0.45mg/L; Thomsons Lake has a relatively constant concentration of 0.2mg/L; 
there appears to be very little correlation for the total phosphorus concentration 
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between the catchment and Thomsons Lake, and there is approximately 
200kg/year of total phosphorus entering Thomsons Lake from surface water 
inflow.   
Table 5.4-4 Bartram Road Buffer Lake Inflow and phosphorus concentration 
Year Surface Inflow 
Volume 
Surface water total 
phosphorus flow-
weighted concentration
Average 
Concentration 
 (kL) (kg) mg/L 
    
1993 448400 190 0.42 
1994 676700 310 0.46 
1995 300900 116 0.38 
1996 636800 318 0.50 
1997 185400 155 0.83 
1998 167800 66 0.39 
1999 347300 129 0.37 
2000 905200 434 0.48 
2001 454300 150 0.33 
2002 381100 133 0.35 
   
 Average 200 0.45 
 
 
Figure 5.4-11 Thomsons Lake and Bartram Road Buffer Lake total phosphorus concentration (1970 
- 2002) 
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Thomsons Lake and Bartram Road Buffer Lake
Total Phosporus (1992 - 2002)
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Figure 5.4-12 Thomsons Lake and Bartram Road Buffer Lake total phosphorus concentration (1992 - 
2002) 
 
Kogolup Lake 
 
The concentrations of total phosphorus in the Kogolup Lakes and Hird Road 
Buffer Lake were also assessed and are presented in Table 5.4-5 and Figure 
5.4-13.  These indicate that whilst there is a smaller difference between the 
surface water concentration (0.22 mg/L) and the Kogolup Lake's water column 
concentration (0.15 mg/L), it is a similar finding to the Thomsons Lake 
catchment. 
 
Table 5.4-5   Hird Road Buffer Lake total phosphorus flow-weighted concentration (1994 - 2002) 
 Hird Road Buffer Lake  
Year Inflow Volume Total P Concentration 
 (kL) (kg) (mg/L) 
   
1994 34500 5.2 0.15 
1995 20000 2.6 0.13 
1996 37500 8.5 0.23 
1997 11000 2.0 0.18 
1998 17000 3.3 0.20 
1999 19000 5.4 0.28 
2000 25500 8.3 0.32 
2001 14000 3.2 0.23 
2002 22500 5.1 0.23 
   
Average 22380 4.8 0.22 
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Figure 5.4-13  Total phosphorus concentration in Kogolup Lake and Hird Road Buffer Lake 
 
Yangebup Lake 
 
As for Thomsons and Kogolup Lakes, the total phosphorus concentration in 
Yangebup Lake and the surface flow entering it, was measured at the Parkes 
Street monitoring point and assessed for which the results are presented in 
Table 5.4-6 and Figures 5.4-14 and 5.4-15.  This data indicates that the 
Yangebup Lake catchment has a total phosphorus concentration of about 
0.05 mg/L whilst the Lake itself is 0.18 mg/L (for the period from 1987-2002). 
 
Table 5.4-6  Parkes Street monitoring point total phosphorus concentration to Yangebup Lake (1997 - 
2002) 
 Parkes Street Monitoring Point  
Year Inflow Volume Total P Concentration 
 (kL) (kg) (mg/L) 
 
1997 519248 15.5 0.06 
1998 491295 24.4 0.05 
1999 588223 22.4 0.04 
2000 808051 38.3 0.05 
2001 537427 28.2 0.05 
2002 582377 42.4 0.07 
    
Average 587770 28.5 0.05 
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Figure 5.4-14  Yangebup Lake and Parkes Street monitoring point total phosphorus concentration (1997 - 
2002) 
 
 
5.5. Chapter summary 
This chapter presented the results of the data available for the water quality in 
the lake’s sediments and water column as well as the surface water and 
groundwater in the catchment.  It included the following: 
• Assessment and estimates of the groundwater flow and lake capture 
zones; 
• Groundwater chloride concentrations as a ‘trace’ of the source of water 
flowing into and under the lakes; 
• Groundwater nutrient concentrations for total nitrogen and total 
phosphorus; 
• Assessment of the available water quality data in the lake’s water 
column; 
• Review of the lake sediment quality and their possible source / sink of 
nutrients; 
• Assessment of the available surface water flows and associated 
concentrations of nitrogen and phosphorus and their potential effects on 
the water quality in the lakes. 
 
A summary of this chapter will not be presented here as the following chapter 
discusses these results. 
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6. DISCUSSION 
6.1. Introduction 
The preceding chapter presented results of the water quantity and quality 
associated with the groundwater, the surface water, the lake's water column and 
the lake's sediments.  The literature review chapter presented details of other 
studies that have been undertaken on the Lake's themselves and their associated 
catchment.  This chapter will discuss the findings from the previous chapters in 
the context of the nutrient loading in the hyper-eutrophic lakes.  
 
 
6.2. Groundwater 
There are two aspects associated with the groundwater that are pertinent to this 
research and they are the lake's capture zones and the groundwater quality, 
particularly nitrogen and phosphorus.   
 
6.2.1. Capture Zones 
 
In plan, the spatial nature of the groundwater flow and contours that form the 
capture zones for the lakes show little variation throughout a year and also 
across years.  This was proven by an assessment of approximately 25 years of 
groundwater level data and at various times throughout the year.  This is likely 
to be due to the steep hydraulic gradient immediately downstream of the lakes 
as well as evaporation losses from the lake surface that drives the groundwater 
direction and movement. 
 
In elevation, work by Townley et al (1992) indicated that all of the water in the 
groundwater aquifer would flow through the lake if the length of the lake (in 
the direction of the groundwater flow) was 5 to 10 times the depth of the 
aquifer.  Utilising this work and combining it with the results of groundwater 
chloride readings in a number of bores, it appeared that all of the superficial 
aquifer flows through Thomsons and Yangebup Lakes.  With respect to 
Yangebup Lake, this result supports the findings by G.B. Hill and Partners 
(1990) and Ecoscape Pty Ltd (1995).    
 
For the Kogolup and Bibra Lakes, the results indicate that the groundwater 
would flow beneath these last two lakes rather than through them at some times 
(during the rainfall periods of winter) throughout the year.   
 
This work allows a capture zone for each lake to be established which can 
assist in the management of catchment relevant to the particular lake.    
 
6.2.2. Total Nitrogen 
 
As the Beeliar Lakes were classified as hyper-eutrophic and the groundwater 
flowed through the Lakes at various times of the year, a review of the 
phosphorus and nitrogen concentrations in the groundwater were undertaken.  
The dominant form of nitrogen found in the groundwater on the Swan Coastal 
Plain was nitrate (Townley 1993).  GRC - Dames and Moore (1990) reported 
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that background nitrate levels in the Jandakot Underground Water Pollution 
Control Area (UWPCA), which is in part of the Beeliar Lake's catchment, were 
low (<1mg/L).  Water Authority (1991) stated that the main source of nitrate 
contamination in the Jandakot UWPCA was fertiliser use by horticulture.   In 
an earlier study, Appleyard (1987) concluded that the groundwater nitrate 
concentration in Perth groundwaters beneath urban areas is generally greater 
than 10mg/L due to septic tank leakage and fertilisers.   
 
The results of this research indicate that the concentration of total nitrogen 
(which includes nitrate) across the Beeliar Lakes catchment was relatively 
constant at 0.1mg/L for the period from about 1978 to 1999, even though the 
land use varied from rural to residential.  This supports the findings of GRC - 
Dames and Moore (1990). 
 
When this result is compared to the concentration of total nitrogen in the lakes' 
water column (>4mg/L), there is a clear difference in their magnitudes.  Studies 
undertaken by others (Gerritse 1988) suggests that denitrification is controlling 
the total nitrogen concentration in the groundwater.  As the groundwater can 
flow through the lakes, this may provide the lakes with a small portion of their 
total nitrogen budget, but it is unlikely that the groundwater is the controlling 
factor in this regard. 
 
6.2.3. Phosphorus 
 
The phosphorus concentrations in the Beeliar Lake's catchment were also 
consistent at around 0.1mg/L even though there was urban and rural 
development in the catchment.  The majority of the catchment consists of 
Bassendean sand, which had limited phosphorus adsorption capacity (Townley 
1993) and would readily release their bound phosphorus under deoxygenation 
and/or high pH conditions. 
 
When these results are compared with the phosphorus concentration of at least 
0.2mg/L in the wetlands, a similar conclusion to that stated for the total 
nitrogen can be made.  That is, the groundwater may provide a portion of the 
total phosphorus budget to the lakes but it is not the controlling factor.  
 
 
6.3. Assessment of the surface water quality in the 
catchment 
 
Assessment of the surface water quantity flowing into Thomsons, Kogolup and 
Yangebup Lakes utilised data collected at the Bartram Road buffer lake, the 
Hird Road buffer lake and the Parkes Street monitoring point.  The results of 
the assessment indicates that whilst the surface water can at times contribute a 
relatively high annual proportion of water to the Lakes, the regional 
groundwater table appears to be the major controlling factor on the water level 
in the Lakes.  This became apparent when year after year, even though surface 
water was still flowing into the Lakes, the storage levels were decreasing.  This 
aspect of the importance of the groundwater influence on the water levels in 
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the Beeliar Lakes is illustrated in Figure 9.3-1, which shows that the Lake's 
water levels are (relatively) correlated.  For example, even though there was a 
change from about 15m AHD to 14m AHD Bibra Lake between the late 1960's 
and late 1970's, there was a (relative) corresponding decrease in Kogolup 
(South) Lake over the same period.   
 
This figure also indicates the influence, or lack of, the annual rainfall on the 
groundwater levels as the rainfall has decrease only slightly whereas there has 
been movement in the lake water levels. 
  
 
Figure 6.3-1  Beeliar Lakes water levels ( ~1960 - 2000) 
 
The surface water flow into the Kogolup Lakes is very much more an events 
based flow whereas Thomsons and Yangebup Lakes are more affected by a 
base flow.  Whilst there is no surface water monitoring data for Bibra Lake, it 
could be expected that a similar result to Yangebup Lake would be found due 
to the above figure and the preceding discussion.  
 
The Bartram Road, Hird Road and Parkes Street monitoring data was also 
utilised to assess the total nitrogen and total phosphorus flow-weighted 
concentration in the surface water entering Thomsons, Kogolup and Yangebup 
Lakes respectively.    
 
The annual average total nitrogen flow-weighted concentration in the surface 
runoff from the Thomsons Lake catchment was 2.7 mg/L (~1200 kg/year), the 
Kogolup Lake catchment was 1.4 mg/L (<50 kg/year) and the Yangebup Lakes 
catchment was 1.0 mg/L (~520 kg/year).  These values are well below the 
corresponding lake water column concentrations that were 4.3 mg/L, 5.5 mg/L 
and 5.1 mg/L respectively. 
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The annual average total phosphorus flow-weighted concentration in the 
surface runoff from Thomsons Lake catchment was 0.45 mg/L (~200 kg/year), 
the Kogolup Lake catchment was 0.22 mg/L (<10 kg/year) and the Yangebup 
Lake catchment was 0.05 mg/L (~30 kg/year).  For the lake water column 
concentrations, Thomsons Lake was 0.23 mg/L, Kogolup Lake was 0.2 mg/L 
and Yangebup Lake was 0.18 mg/L. 
 
These results indicate that the surface water inflow to the lakes provides an 
'events based' load of total nitrogen and total phosphorus but does not appear 
to control these elements in the Lakes.  This latter aspect is evident when there 
are large increases or decreases in nutrient concentrations in the lakes yet the 
surface water concentrations are comparatively constant.  This aspect is 
discussed further in the section '5.5 Lake Sediments'.  
 
 
6.4. Land use and surface water and groundwater nutrient 
loading 
With respect to the total nitrogen and total phosphorus concentrations in the 
surface water and the groundwater and the level of urban / rural development 
in the different subcatchments, Table 6.4-1 and Figures 6.4-1 and 6.4-2 
indicate an inverse relationship between these parameters.  That is, for the 
Beeliar Lakes catchment, as the level of urban development increases in a 
subcatchment, the average surface water concentration of total nitrogen and 
phosphorus decreases.  Also, the level of urban development does not appear to 
influence the average concentrations in the groundwater.  
 
Table 6.4-1   Land use and average total nitrogen and phosphorus concentrations 
Catchment Urban 
#  
Rural ## Lake Total 
Area
Surface Water  Ground 
Water  
 (ha) (ha) (ha) (ha) TN (mg/L)
TP 
(mg/L) 
TN 
(mg/L) 
TP 
(mg/L)
178 100 22 
Yangebup 
60% 33% 7% 
300.0 1.0 0.05 0.1 0.1 
50 125 25 
Kogolup 
25% 63% 12%
200.0 1.4 0.22 0.1 0.1 
122 517 42.8 
Thomsons 
18% 76% 6% 
682.5 2.7 0.45 0.1 0.1 
# Includes residential, commercial, industrial and roads 
## Includes rural, public open space and public purpose 
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Figure 6.4-1  Total phosphorus concentration from Thomsons, Kogolup and Yangebup Lakes' catchments 
 
 
Figure 6.4-2  Total nitrogen concentration from Thomsons, Kogolup and Yangebup Lakes' catchments 
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6.5. Lake Sediments 
Whilst there was very limited monitoring data for the nutrient concentrations in 
the sediments of the Lakes, their results indicate that the total nitrogen and total 
phosphorus concentrations in the sediment pore water varies from 6 mg/L to 
50 mg/L and 0.5 mg/L to 4.0 mg/L, respectively.  With regards to the total 
nitrogen and total phosphorus adsorbed to the sediments, the data indicates 
concentrations in excess of 12 650 mg/kg and 400 mg/kg respectively.  These 
results are significantly different to the average concentrations; 
• in the surface water (e.g., 2.7 mg/L total nitrogen and 0.45 mg/L total 
phosphorus for the Thomsons Lake catchment); 
• the groundwater (0.1 mg/L for total nitrogen and total phosphorus); and, 
• the lake's water column (e.g., 4.7 mg/L total nitrogen and 0.23 mg/L total 
phosphorus for Thomsons Lake). 
 
The estimated total nitrogen and total phosphorus loadings from the sediments, 
pore water and surface water are presented in Table 6.5-1.  Whilst the 
groundwater makes a contribution to the nutrient budget of the lakes, it 
regrettably can not be assessed because of the poor accuracy of available data.  
This aspect is supported by (Townley et al 1993) who stated that studies where 
nutrient transport via groundwater into surface water bodies is significant are 
quite uncommon.  Table 6.5-1 does not take into account the nutrients that are 
already available in the lake’s water column.  In order for the loads in 
Table 6.5-1 to be put into context, using the estimated volume of water in 
Thomsons Lake when the lake is close to being empty (12.5 m AHD) and the 
corresponding total nitrogen concentration (3.5 mg/L), this indicates that there 
is about 3000 kg of total nitrogen that is in suspension in the lake. 
  
Table 6.5-1  Estimated nutrient contribution from lake sediments and from surface water inflow 
Lake # Total Nitrogen Total Phosphorus 
 Sediments Surface water Sediments Surface water
 (kg in lake) (kg/year) (kg in lake) (kg/year) 
Thomsons 4760 1200 220 200 
Kogolup (S) 410 <50 20 <10 
Kogolup (N) 1320 Not available 50 Not available 
Yangebup 2580 520 160 30 
# Data not available for Bibra Lake 
 
On the basis of available data, it is proposed that the major source and 
potentially the major controlling factor of the nutrient concentration in the 
Lake’s water column is due to nutrient release from the lake’s sediments.  This 
is particularly the case for the total nitrogen in the lakes.  With respect to total 
phosphorus, it appears that the sediments have an influence, but to a lesser 
extent although Martinick McNulty (2000) state that the sediments are the 
major factor in Yangebup Lake.  It is also proposed that this is the reason why 
there does not appear to be any correlation between the loading from the 
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external nitrogen and phosphorus sources (e.g., surface water, groundwater) 
and the peaks and troughs in the lake's water column results.  That is, the lakes' 
internal nutrient cycling is so high that it is reacting independently of the 
catchment inflow response. 
   
6.6. Association for Bibra Lake 
As surface water inflow and lake sediment monitoring data is not available for 
Bibra Lake, an assessment to the level of detail as presented above for the other 
lakes cannot be undertaken.  However, there may be opportunities for 
conclusions to be drawn for Bibra Lake by the use of relationships that the 
analytes may have across the various lakes. 
 
Using the coefficient of variation (CoV) as a measure of similarity in processes 
that are occurring in each lake, Table 6.6-1 has been constructed and ranked in 
ascending order for analytes that have a similar coefficient of variation.  The 
following observations and comments are provided; 
• The storage levels are closely related which indicates that the Lakes are 
linked hydraulically by some factor, which is likely to be the groundwater, 
as discussed in previous sections of this chapter; 
• The pH and temperature results for the various Lakes also indicate a 
relationship; 
• Organic nitrogen makes up the majority of the total nitrogen in each lake 
and it is not surprising that the coefficient of variation for organic and total 
nitrogen varies by a similar margin in each of the lakes; 
• When comparisons are made between the CoV for the nitrogen: phosphorus 
ratio, total nitrogen and total phosphorus, it becomes apparent that there is a 
high degree of variability for total phosphorus in Kogolup South and Bibra 
Lakes;  
• The majority of CoV results for Kogolup South are the highest for all the 
Lakes indicating a high degree of variability;  
 
Table 6.6-1 Coefficient of Variation 
Parameter / 
Lake 
Thomsons Kogolup 
South 
Kogolup 
North 
Yangebup Bibra Lake 
 Rank CoV Rank CoV Rank CoV Rank CoV Rank CoV 
Storage 1 6% 1 4% 1 2% 1 6% 1 4% 
PH 2 9% 1 5% 1 4% 1 4% 2 8% 
Water Temp 1 22% 1 21% 1 22% 1 20% 1 21% 
Total K N 3 54% 5 67% 1 40% 3 55% 1 39% 
Nitrogen org 3 52% 5 74% 1 36% 3 56% 5 75% 
N : P Ratio 4 57% 5 73% 1 28% 3 52% 2 46% 
Total Nitrogen 2 56% 5 93% 1 38% 3 61% 4 87% 
Conductivity 5 145% 3 128% 3 127% 2 66% 1 31% 
Phaeophytin 5 284% 3 119% 2 101% 4 132% 1 71% 
Nitrate + Nitrite 3 184% 5 437% 2 129% 4 255% 1 83% 
Total Phos 2 73% 5 240% 1 37% 4 146% 3 94% 
Chlorophyll a 5 265% 3 143% 1 125% 1 128% 1 124%
Ammonia 2 199% 4 231% 1 163% 5 434% 3 214%
Total 38  46  17  35  26  
Lake Rank 4  5  1  3  2  
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An analysis was also undertaken on the Pearson’s correlation for each of the 
Lake’s analytes and comparing them across the Lakes to assess if similar 
changes or processes appear to be occurring.  These results are presented in 
Table 6.6-2 and indicate that there are a number of analytes, including total 
nitrogen and total phosphorus, responding / reacting in a similar manner in the 
various lakes including Bibra Lake. 
 
On the basis of the data presented in Tables 6.6-1 and 6.6-2, it is highly likely 
that the conclusions drawn for Thomsons, Kogolup’s and Yangebup Lakes, 
where the sediments are controlling the nutrient state in the water column, 
applies to Bibra Lake as well. 
 
Analyte Lake Bibra K South Yangebup Thomsons 
  (corr) (no.) (correl) (no.) (correl) (no.) (correl) (no.) 
Ammonia Yangebup 0.67 36       
 K North   0.64 16     
 K South       0.65 10 
Nitrate +  K North   1.00 5   0.78 8 
 K South     0.98 8   
 Thomsons     0.63 13   
Nkjedl K North   0.89 6 0.43 16 0.72 8 
 K South     0.94 8 0.69 5 
Norg K North  0.75 6       
 Yangebup 0.70 60       
 Thomsons 0.79 22   0.50 24   
T Nitr K North   0.90 5   0.80 7 
 K South     0.99 8 0.98 4 
 Thomsons 0.66 28       
T Phos K North   0.69 6     
 K South     1.00 8 0.46 5 
BOD Yangebup 0.55 25       
 K South     0.61 21   
 K North 0.50 14 0.51 66     
 Thomsons 0.75 9       
Phaeo K South -0.33 13       
 K North 0.57 13     0.42 48 
 Thomsons 0.74 9       
Iron Thomsons     0.45 11   
pH K North   0.71 54 0.40 59   
 K South     0.45 57   
 Thomsons     0.30 75   
Storage Yangebup 0.88 332       
 K South 0.84 226   0.81 211 0.78 241 
 Thomsons 0.60 297   0.60 265   
TDS Yangebup 0.88 22       
 Thomsons 0.67 26   0.86 21   
Temp Yangebup 0.72 55       
 K North 0.63 10   0.95 59 0.94 48 
 K South 0.72 13   0.97 63 0.97 48 
 Thomsons 0.86 9   0.93 52   
Table 6.6-2  Beeliar Lakes water anaylte Pearson correlations 
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7. RECOMMENDATIONS AND FURTHER RESEARCH 
7.1. Key findings 
 
The preceding chapters have documented the various models, studies and 
processes that are occurring within the Beeliar Lakes catchment.  These 
findings have indicated that there are a number of complex water quantity and 
quality processes that are occurring at different time and spatial intervals across 
and within the catchment.  The literature review indicated that a limited 
amount of research into the nutrient contribution to the Kogolup’s and 
Thomsons Lakes had been undertaken.  The research documented in this thesis 
has provided a significant improvement to the understanding for these Lakes 
and the substantial influence of the lake’s sediments.  Assessments of the 
capture zones of the various lakes also supported the work by others. 
 
The key findings of this research will be presented and then a conceptual 
model is proposed that can be utilised to assist in the understanding of the 
Beeliar Lakes and its catchment.  This information will be of use to managers 
interested in the flow-nutrient flux into the Lakes. 
 
From a regional scale, there is a strong hydrological link between the water 
levels in the lakes and the groundwater whilst there is a much weaker 
correlation between the lake’s levels and the inflow of surface water.  This 
aspect becomes very apparent when the water levels in the lakes are receding, 
at the end of the winter rainfall period, and there is still surface water flowing 
into the lake.   
 
The groundwater capture zones for the lakes from the regional groundwater 
flow were consistent on an intra year and inter year basis when viewed from a 
plan perspective.  With regards to the elevation perspective, it appears that 
water will flow under Kogolup and Bibra Lakes during summer rather than 
through the lakes as is likely to occur during winter.  This was estimated via 
the use of groundwater levels measured in a number of bores across the 
catchment for a period from 1975 to 1999. 
 
The sources of nutrients that are contributing to the hyper-eutrophic state of the 
Beeliar Lakes are a combination of the surface water, groundwater and 
sediment concentration of nitrogen and phosphorus.  Previous studies indicated 
differences of scientific opinion regarding the importance of the surface water 
on a lake’s nutrient budget.  This research has provided evidence that the 
surface water contributes to the nutrient budget, along with the groundwater 
although these only provide a portion of the nutrient budget and the lake’s 
sediments are the controlling factor in the lake’s water column nutrient status.  
This is exemplified by the lack of correlation between the status of nutrients in 
the lake’s water column and the timing and concentration of the external 
nitrogen and phosphorus sources.  Due to the overall controlling influence of 
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the lake’s sediments, a conclusion cannot be drawn on whether the buffer lakes 
are having a positive impact on the lakes nutrient status or not. 
 
Over the sixteen year period of monitoring data (1983 – 1999), there has been 
little change in the nutrient (nitrogen and phosphorus) concentration in the 
groundwater in the catchment, irrespective of the historical or land use changes 
over that period.  .  This is an important finding in that there has been extensive 
development over the period and it appears that the groundwater in this 
catchment is very effective in denitrifying the total nitrogen. 
 
Whilst the concentration of total nitrogen and total phosphorus from the 
surface water is an order of magnitude greater than the groundwater, it also has 
not changed over time (1993 - 2002) for the respective catchment (e.g., 
Thomsons, Yangebup).  The Yangebup Lake catchment has the largest 
percentage of urban development although the nutrient concentration is the 
lowest when compared to the least urban catchment of Thomsons Lake.   
 
 
7.2. Management recommendations 
7.2.1. Sediment management 
 
The sediments in the lakes are controlling the nutrient status in the lake’s water 
column.  Even if the surface water and groundwater were completely shut off 
from the lakes, due to the concentration of available nutrients in the lake’s 
sediments, the lakes would continue to display hyper-eutrophic characteristics 
for an extended period of time, perhaps even years.  It is recommended that the 
sediments are managed to improve the water quality of the lakes. This may 
involve the addition of clay to try and seal the release of nutrients, dosing with 
PaCl or other floc aids to settle and lock nutrients onto the sediments, or even 
drawing the lake-down and allowing aeration and oxidation of the sediments.  
If the nutrients in the sediments are ‘locked up’ or removed, they are unable to 
contribute to the nutrient bank within the lake.  The aquatic life will, over time, 
then be able to deplete the nutrient concentration in the lake’s water column.  
 
7.2.2. Nitrogen and phosphorus treatment 
 
The traditional concept behind drainage management is to remove the surplus 
water away as quickly as possible.  There is also the concept of treating the 
water at the ‘end of the pipe’ rather than setting up a series of smaller treatment 
train solutions.  The buffer lakes are an example of the end of pipe solution.  In 
the Beeliar Lakes catchment, the surface water has a nutrient concentration an 
order of magnitude greater than the groundwater.  The groundwater appears to 
have very effective denitrifying characteristics whilst the detention time in the 
buffer lakes appears to be insufficient to effectively denitrify the water.  If the 
surface water could be ‘treated’ by infiltration into the groundwater, the overall 
nutrient concentration discharging into the lakes is likely to be lower.  This 
would be dependant upon the rate of nitrification not exceeding the hydraulic 
loading of the surface waters.  This could be achieved by a series of infiltration 
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basins that have a base above the groundwater level and the surface water can 
discharge into these and infiltrate into the groundwater.  The basins need to be 
above the groundwater table in order for them to be able to dry out otherwise 
the same situation that is occurring in the Beeliar Lakes (sediments controlling 
a eutrophic water column) will be repeated in these basins.  For this 
recommendation to proceed there needs to be a change in the traditional 
drainage management philosophy.  Whilst water sensitive urban design 
incorporates the concept of keeping the drainage water closer to its source, this 
surplus water is collected in lakes to act as water features and areas of public 
open space.  These lakes need to dry out throughout the year for the reasons 
stated above.   
 
The concept of ‘using’ the surface water and not taking the traditional approach 
of letting it run to the ocean is called ‘Managed Aquifer Recharge’.  It is 
recommended that this concept is undertaken in this study area because it could 
provide some additional benefits in reducing the loading rate to the Lakes. 
 
7.2.3. Sampling program modifications 
 
The research for this thesis has been conducted in a data limited environment 
and this has imposed a serious limitation to generating a better understanding 
of nutrient fluxes.  For example, the surface water has been comprehensively 
sampled at only one site (the bottom of the catchment) and the suite of lake 
sediment nutrient data is very limited.  Consequently, it is difficult to develop 
comprehensive models of processes when data is so lacking.  It is therefore 
recommended that a more focussed sampling program is put in place as the 
surface water nutrient concentrations have not varied over the past ten years 
even though there many different land use developments in different regions of 
the catchment.  Additional comprehensive sampling should be undertaken at 
various sites further back into the catchment to attempt to identify the ‘hot 
spots’ of nutrient export loading.  That is, it is very likely that there are 
particular areas of the catchment that have nutrient concentrations that are 
above or below the mixed concentration currently at the buffer lakes.  If these 
hot spots are identified, it provides an opportunity to focus on the land uses and 
management practices that are presently in place.   
 
Whilst this research has concluded that the sediments are the controlling factor 
in the lake water column nutrient status and are of critical importance, the level 
of sampling of the sediments when compared to the surface water, groundwater 
or lake water column is very minimal.  An example of this is the fact that there 
is at least thirty years of lake data that has been collected yet there are a 
handful of sediment samples.  There needs to be a change in the focus of how 
the sampling program across the catchment has been established.  The 
traditional method of sampling the water sources needs to be challenged and a 
strong emphasis should be made on the sediments.  From an economic point of 
view, the relative costs associated with the overall sampling program across the 
catchment are likely to not change but rather the focus.  There may also be 
opportunities for the various organisations that are collecting the data across 
the catchment to synchronise and combine their sampling programs and results 
  
 
 
155
to provide a more comprehensive database that would be of use to all involved.  
This recommendation requires that the relevant municipal must substantially 
invest in sampling to obtain better spatial and temporal data and this essential if 
this important region is to be managed effectively.   
 
 
7.3. Conceptual model 
Given the data limited nature of this research, it is necessary to develop a 
conceptual management model to assist in understanding the processes of the 
flow-nutrient pathways in the Beeliar Lake system.  Furthermore, this can 
significantly assist in the management of the nutrients in the catchments and 
ultimately the lakes, and also assist in future development of a numeric model 
to simulate the flow-nutrient pathways (to provide a more detailed 
deterministic assessment of management options).  A numerical model could 
not be developed here due to the severe data limited nature of the study.  The 
conceptual model will be required to possess the attributes described below. 
 
Continuous systems 
 
There are continuous systems and processes that are operating in the Beeliar 
Lakes catchment including groundwater movement, surface water flows, lake 
dynamics as well as environmental considerations (e.g., rainfall, temperature, 
cloud cover, etc).  The model will need to consider processes that operate on a 
continuum rather than events based or steady state.  With regards to the 
definition of ‘continuous’, even though the water in lakes is likely to have a 
residence time of about 10 years and the groundwater may take a number of 
months to years to reach a lake, the surface water is able to bring nutrients and 
flows to the lakes on a daily basis.   
 
In order to be able to accommodate the frequency of the surface water nutrient 
contribution, it is considered that the model should have a continuous 
simulation on a daily time step.  However, given the data limited nature of 
available information, such processes may only be understood in a cumulative 
or integrative sense, i.e. we may not be able to predict extreme events such as 
nutrient enrichment but rather understand the mechanisms that may lead to it. 
 
Total water balance 
 
The groundwater (including the unsaturated zone), surface water and lake 
water all form part of the water balance in a catchment.  The conceptual model 
will need to be able to route the groundwater and surface water flows whilst 
respecting that these two sources operate at a different time scale.  For 
example, the surface water may take days to travel across the catchment 
whereas the groundwater may take months or even years.  As the water levels 
in the Beeliar Lakes are strongly controlled by the groundwater, the model 
needs to be able to simulate the groundwater as part of an underground aquifer 
or as a surface expression (i.e., a lake), depending upon the ground surface 
level. 
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Mixed land use 
 
As the Beeliar Lakes catchment comprises various land uses and the catchment 
is not excessively large (e.g., not an entire water basin), the model will be 
required to accommodate various types of land uses and the nutrient and storm 
runoff attributes (e.g., pervious and impervious surfaces) associated with a 
mixed use catchment. However, the study shows that these land uses have 
minimal influence on the quality of the groundwater, and the largest impact is 
really surface runoff associated with storm water runoff events. 
 
Lake capture zones 
 
Depending upon the ratio of the lake length to the aquifer depth, the model will 
need to to consider how to continually re-evaluate the groundwater capture 
zone in order to determine the flows that are occurring either through or below 
the lake as well as the extent of discharge or recharge from the lake to the 
groundwater aquifer. 
 
Nutrient balance 
 
The nutrients associated with the groundwater, surface water, lake water 
column and the lake sediments are all subject to different regimes which will 
influence the rate at which the nutrient may, for example, denitrify or adsorb.  
The model will need to be able to respect these differences whilst ensuring that 
the nutrient loads are balanced. 
 
 
7.4. Further research 
It is suggested that further research is conducted on the following areas: 
 
(1) Compilation and configuration of a computer model that has the 
attributes described above; 
(2) On the basis that additional, and more focussed, sampling is 
undertaken to assess the areas of the catchment that are contributing 
the poorest surface water quality, interrogation of this data is 
undertaken in an attempt to identify the specific sources of the nutrient 
concentrations and potential remedies to address these sources; 
(3) Investigate the benefits of Managed Aquifer Recharge on the water 
quality in the wetlands as well as the benefits of ‘using’ the drainage 
water.  
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7.5. Overall conclusions 
This thesis investigated the nutrient contribution to six hyper-eutrophic 
wetlands located within 20 kilometres of the central business district in Perth, 
Western Australia.  Due to their close proximity to the CBD, there are various 
social, environmental and economic pressures placed on the wetlands and their 
catchments in what was previously a predominantly rural area.  There are also 
various state and local government departments and organisations involved in 
their management.  The wetlands are considered to be a function of the 
groundwater as their base is below the regional groundwater table.  There is a 
limited amount of water quality data available for the six lakes including the 
lake’s water column and sediments as well as the groundwater flowing into 
them and this has restricted a thorough understanding of the processes 
influencing the water quality of the lakes.  There was also a wide difference of 
scientific opinion as to the source of the nutrients in the wetlands and these 
previous studies predominantly investigated only one wetland and did not have 
a regional focus.   
 
This study concluded that the wetland’s sediments represent a considerable 
store of nutrients (nitrogen and phosphorus) and these sediments in turn control 
the nutrient status of the wetland's water column.  The surface water 
contributes an events based load of nutrients and the groundwater surprisingly 
appears to provide a comparatively low input of nutrients although it governs 
the wetland’s water depth.  The thesis also includes new research on the 
nutrient contribution to some of the remaining wetlands. 
 
The investigation has also concluded that the lake’s groundwater capture zones 
do not vary on an inter or intra year basis and that the groundwater quality has 
not varied over a twenty year period. 
 
The research will provide a significance contribution to understanding of what 
are the drivers and catalysts of the elevated levels of nutrients in the wetlands 
so that appropriate measures can be put into place to address this issue.  It is 
likely that the techniques and tools used as part of this investigation could 
assist in the assessment of other nutrient enriched wetlands and lakes. 
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